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ABSTRACT
Design of Controlled Environment for Tissue Engineering
Malcolm Lapera
Tissue engineering aims at relieving the need for donor tissue and organs by
developing a process of creating viable tissues in the laboratory setting. With over
120,000 people awaiting a transplant, the need for generating tissue engineered organs is
very large [3]. In order for organs to be engineered, a few issues need to be overcome. A
work space that both creates an environment which maintains cell viability over an
extended period of time as well as accommodates the necessary fabrication equipment
will be needed to further tissue engineering research. Therefore, a design for a “Tissue
Engineering Hood,” will be developed and evaluated. The goal of this design will provide
an environment capable of providing 37°C, 95% humidity, and 5% CO2, actively deter
contamination, and provide the necessary support hardware for a 3D printer designed for
tissue engineering. The design detailed in this paper was implemented successfully and
evaluated. The current design has issues creating the proper environmental conditions,
however does actively prevent contamination, and provides the necessary support
hardware for a 3D printer. The current design was capable of reaching a temperature of
32°C, had issues increasing the humidity while incorporating the laminar air flow aspect
of the design, and design flaws in the door allowed CO2 to leak too rapidly. After
remedying these and a few other minor issues described in the report, the tissue
engineering hood will be a beneficial tool for use in tissue engineering.
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CHAPTER 1
Introduction
Tissue Engineering
Tissue engineering refers to the field of biomedical engineering aimed at the
manufacturing of tissues for regenerative medicine. The general approach to developing a
tissue is by creating a scaffold that mimics the extracellular matrix (ECM) of the tissue,
then seeding the appropriate cell types onto the scaffold. The combination of cells and
scaffold then create a tissue. Biodegradable materials are commonly used as scaffolding
materials, so that the cells remodel the scaffold with ECM generated by the cells [1]. The
generation of a tissue also often requires a cultivation step, where the scaffold and cell
combinations are cultured in the proper conditions so that the cells can remodel the
scaffold and form a tissue. This process is being developed and refined in order to create
techniques for developing patient specific tissues for use in a clinical environment [2].
The generation of tissues and organs is aimed at combating the need for viable
organs and tissues for organ transplants and skin grafts. Currently there are over 120,000
people waiting for an organ transplant, while only 24,131 transplants occurred between
January and October of 2013[3]. This leaves a huge number of patients that go without
the organs that are needed to save their lives. While organs are the end goal of tissue
engineering, the generation of different tissues is also being explored and implemented.
Tissue engineered skin has been used to treat severe burn victims, as approximately
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50,000 burn victims are hospitalized yearly [4]. There are attempts to develop a tissue
engineered solution for nearly every part of the body, as replacing damaged or diseased
tissue with healthy tissue is an optimal solution but rarely an option.
As tissue engineering is an emerging field, there are still many issues to be
resolved before it can reach its full potential. While there is a great range in success of
different methods, a few key issues prevent the creation of larger constructs and
producing them in an effective manner. The generation of larger tissues has yet to be
achieved due to the difficulty in providing the necessary vascularization. The vasculature
in tissue is responsible for nutrient delivery and waste removal, and without it the tissue
cannot survive. Therefore without the ability to generate vasculature in the engineered
tissues, it limits the size of constructs that can be made [5] [6]. The other issues are
involved with quickly and efficiently producing a tissue engineered solution for a specific
patient [7]. Currently the majority of the tissue engineering techniques require a large
amount of time, manual labor and often require complex techniques. If a tissue
engineered solution is to be effective in a clinical situation, it must be able to be
generated in a timely fashion, be specific to the patient, and be highly reproducible in
order to gain FDA approval [7]. There are many different techniques being examined to
accomplish these goals; however they have not yet been achieved and new technology
and techniques must be developed.
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Cell Environment
To maintain cell viability, more than sterility is necessary. The proper
environment, mimicking that of the body, must be simulated. Therefore, temperature
must be kept at 37°C, humidity at approximately 95-99% and a CO2 level of 5% for
mammalian cells [8]. In a laboratory setting, this is simulated using a few different
devices. The most common device used is an incubator. An incubator is a smaller cabinet
that provides the proper temperature and CO2 level for culturing cells in media. Humidity
isn’t often controlled explicitly since cells are typically in a flask suspended in culturing
media, thus creating its own humid environment. However humidity is often elevated by
placing a water reservoir within the incubator or is explicitly controlled by the incubator.
Sterility in these incubators can be compromised as there are no active measures for
maintaining sterility, therefore anything that is placed in an incubator needs to be handled
under sterile conditions.
Bioreactors are also often needed to provide any further stimuli to properly
cultivate cells and tissues. Bioreactors are often custom devices that provide the
necessary stimuli for their associated tissue. The stimuli varies based on the type of
tissue, however typically compression, shear stress, repetitive elongation or electrical
stimuli [2][9][10] are often applied. They are often used in combination with an incubator
as the bioreactors don’t often control temperature, CO2 or humidity, and focus primarily
on providing mechanical stimulation. Therefore the combination of the two provides the
proper conditions for cultivating a tissue. There are often some issues combining the two
as they aren’t designed specifically for use with each other.
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But all these methods still require the initial fabrication of the tissue. Engineered
tissues are often created by first creating a scaffold then adding the cells to it, and
cultivating the construct till it forms a viable tissue. This requires a sterile work space in
which to assemble the constructs and fit it to a bioreactor. This is commonly
accomplished using a laminar flow hood. A laminar flow hood provides an aseptic work
environment within which a user can easily manipulate items without compromising
sterility. This is accomplished by controlling the air flow and filtering any contaminates
out of the air. However, as the user is allowed to reach in and work within the laminar
flow hood, contamination can occur through surface transfer if any contaminated objects
are brought into the hood. Therefore it is still required to use a proper aseptic handling
technique to prevent contamination.
Fabrication Techniques for Tissue Engineering
The fabrication methods for tissue engineering are extremely varied; however
there are a few common methods for creating scaffolds. When generating cylindrical
constructs, electrospinning is often the go to method for fabrication. Electrospinning is a
method of fabrication that involves extruding polymer solution through a narrow orifice
to create a drop of the solution at the tip of the nozzle. A high voltage is then used to
accelerate the droplet from the nozzle to a grounded target. The droplet dries while
traveling through the air, forming a polymer fiber. This creates a nonwoven textile that
can be used as a scaffold for tissue engineering [11]. The grounded target is often a
rotating spindle which makes it easy to create a cylindrical construct without any seams.
Not all materials can be used in electrospinning, however PGA, PLGA, PLC, collagen
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and fibrinogen have been successfully used [11]. As generating a tissue engineered blood
vessel is currently one of the most practical and profitable ventures for tissue engineering,
a cylindrical construct can be of great use [12]. Beyond blood vessels, the tissue
engineering of nerves will also benefit from a useful cylindrical scaffold [13].
Hydrogels are also a common material used for scaffolds in tissue engineering.
Hydrogels are cross-linked polymers that form a porous gel, making them structurally
similar to ECM. They are also typically polymers and polypeptides which makes them
chemically similar as well. They are also easily fabricated, by adding a cross-linking
agent to usable polymers [11]. One of their main allures is that they can be injected into a
tissue and form a scaffold In Situ [11][14]. They can also be used in 3D printing by using
the cross-linking agent to polymerize a scaffold out of solution [15].
Three dimensional printing is another fabrication method of promise for creating
tissue engineering scaffolds. 3D printing is a fabrication method where a print head
extrudes a building material that solidifies in a two dimensional pattern. Another layer is
then printed on top of previous layers until a three dimensional object is formed. There
are few different methods of printing a solid layer in 3D printing. The two most common
are laser based sintering, where a laser is used to solidify a solution through cross-linking
or sintering, and fused deposition modeling, where a material is extruded onto a platform
[16]. Fused deposition modeling is primarily used for tissue engineering as a laser is
damaging to any cells in use and breaks down many polypeptides that can be used as a
scaffold. There are a few different deposition methods used in fused deposition modeling
as well. The more common methods of deposition are ink jet printing, precision extruding
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deposition and volumetric extrusion. Ink jet printing utilizes the printing technology used
in ink jet printers to extrude a small amount of liquid in a highly precise manner. This
method is also commonly used in a two component system, where one material printed is
base material that is polymerized with the second material. Precision extruding deposition
works much like a hot glue gun on two axis control system. A heating element liquefies a
polymer and extrudes it where it re-solidifies to form a 3D object. Volumetric Deposition
is the most common method used for tissue engineering as it is the most versatile and
does not harm the materials being deposited. It deposits material by extruding it from a
syringe through precision control. Pneumatic control over the deposition syringes is also
the most common method of control [16]. There are many different methods and forms of
3D printing, making it a diverse method of fabrication and a useful resource for tissue
engineering.
Three dimensional printing has the potential to generate extremely complex
internal geometries to promote cell proliferation and vascularization. The ability to have
an extremely high level control on the internal geometries is crucial for the generation of
large tissues. The high level of control is also crucial for generating the structural
complexity seen in many organs such as the kidney and heart. Another advantage of the
high level of control in the complexity of the scaffold design granted by 3D printing is
patient specificity. As each patient will need a tissue of a different geometry or organ of
different size, the ability to easily tailor the generated tissue to the patient’s specific needs
is also necessary for the success of tissue engineering [6]. Therefore the high level of
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control over the internal and gross geometries of the scaffolds gives 3D printing a
significant potential for tissue engineering [17][18].
Another advantage of 3D printing for the field of tissue engineering is that it can
print multiple materials at the same time. Many different materials can be extruded based
on the extrusion method being used, as well as a having more than one deposition head
on a device. This allows for a large number of materials to be used in a 3D printer,
including cells, providing a large number of design options for tissue engineering. This
also allows for both cells and scaffold to be printed simultaneously, giving the possibility
of generating tissues without the need of generating a scaffold and then seeding the cells
onto it. This also removes the issue of cell proliferation through larger scaffolds, as the
cells can be placed in their desired location rather than being seeded and traveling from
the surface of the scaffold inwards [16][19]. Multiple cell types can be deposited as well,
allowing for controlling the location of each type of cell. This can be extremely important
for generating tissues with multiple cell types. This is necessary for any large tissues or
organs, as at minimum the vascularization needed requires multiple cell types. All these
advantages of 3D printing for tissue engineering make it a prime choice as a fabrication
method for furthering tissue engineering research.
Goals of Tissue Engineering Hood
In order to develop a device that will aid in the generation of larger tissues
through various fabrication techniques, the “tissue engineering hood” will have the
following requirements. It will have to provide the proper environment to maintain cell
viability and promote proper cellular activity. This requires providing a work space
Page 7

which actively maintains the sterility of the environment. Bacterial and fungal
contamination can kill of all the cells used in any sort of tissue engineering, therefore
providing an aseptic environment at minimum is necessary for creating any construct that
is intended to survive longer than 24 hours. Beyond maintaining sterility, the proper
temperature, humidity, and CO2 concentration must be able to be controlled. As
described previously, a temperature of 37°C, humidity of 95-99%, and a CO2
concentration of 5% are necessary for mammalian cells, therefore those conditions are
required at minimum. Beyond providing the proper environment for cells, the work space
must also provide the proper hardware for supporting possible fabrication equipment.
Due to the advantages presented by 3D printing for tissue engineering, this design will
focus on providing the support hardware necessary to operate the more common
commercial 3D printers designed for tissue engineering. By achieving these goals, the
fabricated device should provide a work space optimized for fabricating larger tissues and
organs.
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CHAPTER 2
Design
Design Requirements
With the previously described goal of developing an aseptic work space that
provides the proper environment for cells to thrive in and can accommodate devices for
tissue construction, the first step in the design is to properly define the necessary design
requirements. For this design, the proper environment must be defined as well as provide
the necessary support functions for common devices used in tissue engineering. This
design will focus on accommodating 3D printers currently on the market used for tissue
engineering. Also by providing the necessary support for a 3D printer, most other devices
will have sufficient support as well.
Environment Requirements
To provide the proper environment, an aseptic environment must be maintained,
and temperature, humidity and percentage of CO2 be controlled. Along with providing an
aseptic environment, one must be able to reach into the work area and manipulate items
being used without contaminating the environment. As for temperature, in the case of
tissue engineering, standard body temperature must be achieved for proper growth.
Therefore the workspace must be able to reach 37 ° C, with little variance throughout the
workspace and to be stable over time, preferably varying +/- 0.5 ° C. However, for the
sake of versatility the work space should be able to be heated to a range of temperatures.
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Therefore, the work space should be able to reach temperatures of 45 ° C, starting from
room temperature.
While ph is commonly stabilized via media solutions for the cells and constructs,
humidity and percent CO2 control are necessary for extended periods of time. Humidity
should be kept in the range of 95-99% relative humidity, therefore the workspace should
be able to reach 99% relative humidity from the humidity in the room. The humidity
should also be kept constant, varying by +/- 2% relative humidity. The percentage of CO2
should be kept at 5%, varying by +/-0.5%, but should also be set as high as 10% to
accommodate different experiments and cell types.
Table 1 – Environment Design Requirements

Range

Accuracy

25°C (RT) - 45°C

±0.5°C

Humidity

Up to 99%

±2%

CO2 %

0.04 - 10%

±0.5%

Temperature

Printer Accommodation Requirements
The most common commercial 3D printer used for tissue engineering is the 3DBioplotter by EnvisionTEC. Another common printer is the BAT (Bio-Assembly Tool)
by Sciperio, however many of the 3D printers used in research are custom built. While
the size, function, and necessary support may vary greatly from printer to printer, nearly
all run off 120 VAC. Therefore there should be access to a 120 VAC plug within the
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work space. As the 3D-Bioplotter is the most common commercial printer, its
requirements will be used as standard. The 3D-Bioplotter requires 10 Amps, therefore the
outlet must provide 120 VAC and 10 Amps minimum [20]. The 3D-Bioplotter as well as
the BAT uses pneumatic actuators to control its deposition method [20][21]. Therefore a
hook up to a compressed inert gas must also be provided in order to operate these
printers. This is a common actuation method for controlling direct deposit 3D printing
devices. The 3D-Bioplotter requires 6-8 bar (85-115 psi) for operation, therefore 115 psi
should be able to be provided at minimum. Many research facilities are outfitted with a
100 psi line, therefore many devices are built to take advantage of this. Another less
common requirement is controlling the temperature of the materials to be deposited. This
is necessary for such things as collagen as it polymerizes above 7 ° C [22]. Therefore a
circulating water coolant system needs to be provided to control the temperature of the
materials. The last thing that needs to be considered for accommodating a 3D printer is
the size of the work space. The overall dimensions of the 3D-Bioplotter are
38.425”(W)x24.527”(D)x30.433"(H), therefore the work space must be a bit larger to
easily accommodate the printer [20].
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Table 2 – 3D Printer Support Design Requirements

Air Pressure

Range

Accuracy

85-115 psi

±15 psi

4-40°C

± 1°C

Deposition Pen
Temperature
Power
Working Volume

120 VAC, 10 Amps
42"(W)x30"(D)x36"(H) min.

Overall Goals
The overall goal of the hood is to provide an aseptic environment which cells
thrive in and accommodate the use of a 3D printer. Therefore beyond the previously
mentioned designed requirements, there is also the goal of maintaining cell viability for
an extended period of time. Currently 3D printers can print the largest viable tissue
engineered constructs within 4-6 hours. However with the potential of 3D printing to
incorporate vascularization and thus increasing the viable tissue construct size, keeping
the cells healthy for a longer period of time is necessary. Therefore the cells need to be
kept healthy for 8 – 10 hours, potentially longer. This would mean that there is 65-75%
cell viability and reproduction of cells in the culture after the extended period of time,
which is the level of cell viability seen in cultures housed in an incubator. It is also
important to prevent contamination of the cell cultures while housed in the hood.
Minimizing the overall footprint of the tissue engineering hood is also a goal of the
design.
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Preliminary Design Decisions
Humidity Control
In order to control the humidity in the hood accurately, a method of increasing the
humidity and sensing the humidity is necessary to provide accurate control. The method
of adding humidity must be able to fit within the workings of the tissue engineering hood,
while not taking up space in the work space set aside to accommodate a 3D printer. The
method of increasing humidity must be able to be controlled electronically, to provide
control via the on-board microcontroller. The sensing method must be able to interface
with the on-board microcontroller to act as feedback for control of the method of
increasing humidity.
An electronic humidifier is the obvious choice for increasing the humidity of the
tissue engineering hood. There are two types of humidifiers, evaporative and ultrasonic.
Evaporative humidifiers work by blowing air over a wetted material to cause water to
evaporate and increase humidity. This method is beneficial as it will prevent any
particulates or ions in the water to be spread around the device. Ultrasonic humidifiers
create a mist of water using ultrasonic vibrations to add humidity into the air. This
method has the possibility of adding contaminates into the air as it actually puts water
into the air [22]. Therefore to decrease the chances of contamination and corrosion, an
evaporative humidifier with proper treatments to the water supply should be selected.
Based on the size of the necessary working volume (30 cubic feet) and accounting added
volume of the hood to circulate air and house equipment, a humidifier that can
accommodate at least 50 cubic feet is necessary. A commercially available option would
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also be preferred to limit the potential for fabrication error and save time. Through a
cursory and extensive web search, one option remained. The Cigar Oasis II XL is an
evaporative humidifier which is rated to provide control over humidity for up to 60 cubic
feet. It is electronically controlled, requiring 12 VAC and 600 mA, and has the
dimensions of 6.5”x5.3”x13”. The compact size, electronic control, and effective size
rating match the necessary design requirements for our system. This was selected over a
custom system in order to remove the issues involved with designing and implementing a
custom design.

Figure 1 – Humidity Control

For sensing the humidity, a humidity sensor needed to be able to communicate
with the microcontroller in a compatible manner (Serial or I2C), be able to read 0-100%
humidity, be relatively accurate (+/- 1%), be diffusive read type, and not need a reference
to sense the humidity. Low cost, low voltage and a large amount of reference materials
for interfacing would be highly preferred. From these requirements, Sparkfun’s HH10D
humidity sensor was used. It is inexpensive, runs off 3.3V, making it low voltage,
communicates via I2C and has extensive documentation on proper utilization. It runs off
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150 µA, operates between -10 and 60 °C, and has ±3% accuracy. The board it’s mounted
on has the dimensions of 8 mm wide and 24 mm long.
Temperature Control
Temperature control will need a method of heating as well as a method of sensing
the temperature to provide proper control. An electronic method of heating will be
necessary for it to be controlled via a microcontroller. The temperature must also be
electronically sensed in order to interface with the control scheme. Resistance heating is a
very common method for heating air when there is a fan to pump air over the heated
element. With the combined goal of providing laminar flow within the hood, resistance
heating will be used to heat the air being circulated. Therefore a resistive heating element
should be able to be easily adhered to a metal heat sink, have significant wattage output,
be run off at most 120 VAC, and operate over the range of 20 ° C – 100 ° C. To
accomplish this Omega’s Kapton resistance heaters were used. They feature a pressure
sensitive adhesive and a wide range of sizes, voltage requirements and wattage. For this
project, four 1”x4”, 120 VAC, 20 Watt heaters were selected.
The temperature sensors should run off 5V, be accurate to at most 1°C, read
temperatures ranging from 4°C – 50°C, and have multiple sensors be easily interfaced
with the microcontroller. To accommodate these requirements, Sparkfun’s TMP36
temperature sensors were selected. They run off 5V and provide an analog signal
calibrated by the manufacturer. They do not require any amplification or calibration
making them easily interfaced with the tissue engineering hood and do not require any
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further equipment. The sensors have an accuracy and resolution of ±1°C and operate
between -40-125°C.
CO2 Control
To provide control of the concentration of CO2, a method of infusing the work
space with CO2 evenly and monitoring the concentration is necessary. The air flow from
the laminar flow aspect can be taken advantage of to evenly distribute the CO2, while
being a gas, it will naturally evenly distribute in the workspace regardless. However the
release of pressurized gas causes cooling which will cause unwanted temperature
fluctuations if released within the work space. Therefore releasing it into the airflow
before entering the work space will prevent these fluctuations. Using a tank of CO2 and
an electronic solenoid to control the inlet of gas will provide the necessary infusion of
CO2 required. The solenoid will have to be able to be controlled electronically, preferably
from a 12VDC source, be of a normally closed design, and be able to accommodate at
least 20 psi of CO2. A regulator to control the pressure released from CO2 tank will also
be required. It must be calibrated for CO2, and be able to regulate the pressure from 0-50
psi at minimum. The solenoid chosen was an ASCO two-way valve, of normally closed
design, with an electronic solenoid that operates using 12VDC. The inlet and outlet have
¼” NPT female fittings. The regulator chosen is capable of regulating up to 1500 psi,
which greatly exceeds its intended use. An air hose compatible with both the regulator
outlet fitting and inlet of the solenoid valve was custom made and purchased locally at
Contractor’s Maintenance. Brass fittings rated to withstand up to 100 psi of pressure were
used to mount and connect the solenoid to the tissue engineer hood and channel the air
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flow to the appropriate location. These parts consisted of a through wall connection,
threaded pipe and a female x male 90° elbow and a male x male coupling, all with 1/4”
NPT connections.
An electronic CO2 sensor is required to provide proper control over the
concentration of CO2 in the tissue engineering hood. It must be a diffusive sensor type,
not require any reference gas, be able to read a range of concentrations from 0-10% at
minimum, easily interface with a microcontroller, and be affordable. After a cursory web
search, there was only one affordable option that met all the design requirements. The
COZIR CO2 meter reads a range of 0-20% CO2 through a diffusive sensor, has an
accuracy of 70 ppm, runs off of 3.3VDC and 33mA, and communicates via a serial port.
It also has a warm up time of less than 10 seconds and can take measurements every 500
milliseconds. All other comparable options were far outside the acceptable price range,
exceeding $1000.
Water Coolant System
The water coolant system for controlling the temperature of the deposition
materials requires three main aspects: the heating and cooling system, the water pump,
and the water tank and hardware. This is due to needing to control the temperature of the
water, circulate the water and to be properly housed.
The water pump needs to be able to circulate water at decent rate and be
electronically controlled. Pumps designed for water coolant systems used in cooling
computers, are especially applicable to this situation. A Swiftech MCP355 water pump
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was selected. It runs off 12VDC and 1.46 Amps, accommodates 3/8 ID tubing, has an
output of approximately 120 gallons per hour, and operates with water temperatures up to
60°C.
The heating and cooling system needs to be electronic and consolidated. Peltier
devices, also known as thermoelectric coolers, are optimal for this application as they can
both heat and cool within the same device. The device needs to be outfitted with a heat
sink and cooling fan and be designed to transfer the heat directly to the water tank. A
preassembled peltier system was purchased from Digikey that meets the necessary
requirements. The chosen assembly was designed for direct contact to the desired surface,
has a built in heat sink and fan for dissipating unwanted heat and operates off 12VDC
with a nominal voltage of 2.6 Amps. It has a max surface temperature of 80°C and has a
range of -10 to 50°C.
The water tank needs to be able to easily reach thermal equilibrium with the
peltier device and the water it houses. Aluminum provides a corrosion-resistant container
and is relatively good at conducting heat. A foot of 2 ½” square tubing provides for
approximately 0.26 gallons of water to be housed. The water will be channeled through
3/8” ID PVC tubing, using brass fittings to connect the tubing through the sheet metal.
These will lead to an outlet and inlet designed to hook up to an existing cooling system
via quick-connect universal hose sockets.
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Aseptic Environment
The tissue engineering hood must also provided an aseptic environment that a
user can reach into, take things in and out of with ease and manipulate items in the hood.
Mimicking a laminar flow hood design can accommodate these design requirements.
Laminar flow hoods are designed to prevent contamination of the work space through
controlled air flow and filtration, while still allowing the user to bring things in and out of
the hood, and work inside it without contamination, provided one uses a proper aseptic
technique and the use of sterile products. Laminar flow hoods require a blower motor that
has a high enough output to produce an air speed of 0.5 m/s as well as using the proper
HEPA filters to evenly distribute the air flow and filter any particulates. The HEPA filters
must filter out anything larger than 0.2 microns to provide the aseptic environment. A
pre-filter is also required to remove any large particulates that might damage the more
fragile HEPA filters. The HEPA filters are also designed to provide the proper air flow
given the proper conditions. Charts given by the manufacturers are used to discern the
correct filter.
To accommodate the necessary requirement of filtration, two 24”x30”x3”
standard volume HEPA filters were purchased from HEPAfilters.com. The size of the
HEPA filters was chosen because it was the only standard size that could be used to
accommodate the design requirements of the working volume. Using them did however
cause an increase in the size of the working volume to a width of 48”. Having a custom
size HEPA filter created would have significantly increased the price of the filters as well
as the lead time to receive it. The HEPA filters chosen filter particulates greater than 0.2
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microns and can accommodate humidity up to 99.99%. For the prefilters, the same
supplier suggested the ScoatFoam filter media, as it is very inexpensive and could be cut
to the necessary dimensions easily. Therefore two pieces of 24”x30”x1” ScoatFoam filter
was purchased to function as the prefilters.
The blower motor required must have a large enough output to provide an average
air speed of 0.5 m/s through an area of 48”x30”. Blower motor output is rated in CFM
(Cubic Feet per Minute), therefore a volumetric air speed must be calculated as follows.

Therefore the blower motor selected for the system must be able to output approximately
984 CFM. The blower motor must also be able to be run off 120VAC and be able to be
housed within the unit. A two speed motor would also be ideal for circulating the air at a
lower speed when the hood is closed, so as to reduce the energy used and put less stress
on the system while continuing to circulate the air sealed within the hood. To meet these
requirements, a FASCO two speed 120VAC blower motor was purchased. At the high
speed, it outputs 1000 CFM and has integral circuitry for controlling motor speed,
making it easily integrated into the command scheme.
A common addition to laminar flow hoods is a germicidal UV lamp. As laminar
flow hoods need the air flow to be constantly circulating to maintain their level of
sterility, some laminar flow hoods use germicidal UV lamps to allow turning off the air
flow without causing contamination. The germicidal UV lamps are used to kill any
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organic contamination that could occurred while the air flow is inactive, therefore adding
an increase in contamination prevention. The UV rays can however be harmful to the
user as well; therefore the UV lamps are only for use while the laminar flow hood is not
in use. To provide this system, a germicidal UV bulb and UV digital ballast must be
selected. The germicidal UV bulbs are rated by their length and wattage. A UV ballast is
then selected based off of the bulb to provide the proper current and voltage to operate
the bulb. For this project, a 30”, 37 Watt germicidal UV bulb was selected, as well as the
corresponding UV ballast. The mounting fixtures and shield to direct the light inward
were to be fabricated.
Air Pressure
To provide the necessary air pressure to operate any pneumatic actuators present
on any 3D printers or devices to be used in the tissue engineering hood, a supply of
pressured gas and regulation system must be present. Upon recommendation by a sales
representative at Airgas, nitrogen gas was selected. This is due to it being relatively
inexpensive, inert, and commonly used to operate pneumatic systems. The system should
also be able to be altered to use a supply of compressed air if available from the
laboratory the device is used in. But to allow the device to be a stand alone system, a
separate supply must be available. Therefore a 20 gallon nitrogen tank was selected to be
incorporated into the device. This size was selected to be nearly equivalent in size to the
CO2 tank selected and provide at least enough gas to operate a device for at least one
period of use. An inert gas regulator compatible with the tanks was also purchased to
regulate the pressure released into the system.
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A two way ball valve was selected to control the inlet of nitrogen to a universal
quick connect hose socket. This was selected upon the assumption that the pneumatic
actuators present would control when air was needed for the actuation as long as the
pressure was present. Therefore the tissue engineering hood does not need to provide
electronic control of the air pressure. Adequate brass pipe and fittings were also selected
to allow for the nitrogen to be passed from the back exterior of the hood into the work
space. A custom air hose was purchased from Contractor’s Maintenance to connect the
regulator with the two-way ball valve.
Electronics
To provide power for a 3D printer, a power outlet mounted within the workspace
is required. The plug must be rated for at least 120 VAC and 10 amps. A round single
plug outlet was selected, and is rated for 120 VAC and 20 amps. A matching face plate
for plug was also selected.
The tissue engineering hood requires an onboard microcontroller in order to
control all the actuaries and sensors in order to maintain the proper environment to
maintain cell viability. Based on the previously selected sensors, the microcontroller must
have multiple analog to digital converter pins, at least three serial ports, an I2C
communication bus, a large number of digital input and output pins, as well as a decent
amount of memory. It also must be powered using 12 VDC and have onboard regulation
for 5 V output. Based off these requirements, as well as cost and familiarity, an Arduino
Mega 2560 was selected. The Arduino Mega 2560 runs off 7-12 VDC, has internal
regulators to output 3.3 and 5 VDC, has 54 digital pins, 16 analog pins, 4 serial ports, one
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I2C port, 256KB of flash memory and a clock speed of 16MHz. These capabilities will
provide the necessary control over all the necessary electronics for the device.
The sensor input as well as necessary user input must be able to be displayed
electronically. Therefore, an LCD display is necessary. The LCD display must, at
minimum, be able to display two rows of sixteen characters and have a built in LED for
illumination. A monochrome sixteen by two character LCD display was chosen to match
these requirements as well as the desired aesthetic. The display requires a 5 V source, the
use of one serial port, and six other digital I/O pins.
The user must be able to control when each system is implemented. Therefore, a
system of user input is required. To match the desired aesthetic and for intuitive use,
toggle switches were chosen to provide on/off control for each system. This requires
seven total toggle switches, four of which must be able to withstand at least 5 VDC and
0.2 amps. The remaining three must able to withstand 120 VAC and 10 amps. The lowerrated toggles will be used for control over the hood temperature, humidity, CO2
concentration, and water coolant systems. The higher-rated toggles will be used to
provide an overall on/off for the device and on/off control for the blower motor and UV
lights. To indicate to the user that a system in on and functioning, LEDs will be
incorporated into the display. Three millimeter green LEDs were chosen to match the
green monochrome LCD display. In order for the user to input the desired settings of the
environment within the tissue engineering hood, linear sliding potentiometers were
chosen to match the desired aesthetic. The hood temperature, humidity, CO2
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concentration and water coolant systems each require their own linear sliding
potentiometer for control.
In order to provide electronic control via the microcontroller, MOSFETs and
relays are required. MOSFETs are commonly used to provide on/off control via a
microcontroller, as they can be operated using a 5VDC signal with low amperage, which
can be easily provided by any of the digital output pins of a microcontroller. Relays are
used when controlling higher voltages or currents is necessary, or when a signal needs to
be switched from one line to another. Controlling a relay via a microcontroller also
normally requires a MOSFET, because microcontrollers typically cannot produce enough
current to excite the induction coil that operates the relay. Therefore using a MOSFET to
control an independent source is necessary for controlling the relay. The MOSFETs must
be N-channel MOSFETs and have a gate voltage of 5VDC and be able to control at least
12VDC. The system requires two relays that are rated for 120 VAC and 15 Amps, with at
most a 12VDC coil. The other relays will need to be rated for at least 12 VDC and 5
Amps with at most a 12VDC coil. The MOSFETs selected were purchased from
Sparkfun and were rated to control 60VDC and 30A, with a gate voltage of 5VDC. One
of the relays chosen was rated to control 120VAC/150VAC, or 30VDC, 5A with a 5VDC
coil. The other relay was rated to control 125VAC, 15A, and had a 12VDC coil. Diodes
are necessary to protect the circuit from back EMF generated around the motors being
used and the relay’s coil. Resistors of various ohms will also be necessary for many
different areas of the circuitry.
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Overall Materials
The overall structure of the tissue engineering hood needs to be fabricated using a
metal that is corrosion resistant and relatively machine-able. The two main options would
be aluminum or stainless steel. Aluminum has the advantage of being less expensive and
lighter, while stainless steel is slightly more resistant to corrosion and is easier to weld.
Since the structure was to be bolted together instead of being welded, and aluminum has
comparable corrosion resistance, aluminum was used. Being lighter and less expensive
are more important factors as the structure was to be quite large and thus require a lot of
material. This saved on cost on both raw materials and shipping, as well as made the
entire device lighter. In order to bolt the pieces of sheet metal together, pieces of angle
aluminum were necessary to bolt them together. Square tubing was necessary to reinforce
certain aspects of the design. To bolt everything together 10-32 Phillips button head
machine screws and nuts were used. 10-32 machine screws were chosen because they
were the largest bolts that could be used with ¾” angle aluminum.
In order to provide an air tight seal, gaskets were needed for all the joints. This
requires many different shapes and lengths. Therefore gasket tape provides an optimum
solution. Gasket tape of ½” wide and 0.20” thick was purchased from McMaster-Carr.
Multiple different gauges of wire were necessary for wiring all the circuitry. The
blower motor and power outlet require 12 gauge wire, the UV system requires 16 gauge
wire, while the remaining circuitry would be sufficiently wired with 22 gauge wire.
Through hole protoboards were necessary to solder and mount all the electrical
components. Various crimp connectors were highly useful when installing all the
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circuitry. Terminal blocks were used to provide parallel connections for 120 VAC and 12
VDC.
To provide a see through surface that can be used to house the work space, acrylic
sheeting was chosen. This was chosen for it being relatively inexpensive, machine-able
and that it filters approximately 60% of UV rays. Glass sheets of the necessary size
would be much heavier, more expensive and more difficult to machine. Acrylic will also
be used to build the door.
Final Design
Overall Structure
The overall structure’s design was driven by the design requirements and the
necessary equipment. With attempting to minimize the footprint of the overall hood,
having to accommodate two 24”x30” HEPA filters placed side by side, and having sheet
metal typically 48”, the hood was designed to be 48.5” across. The extra ½” comes from
using angled aluminum to connect the sheet metal, as well as providing enough space for
the HEPA filters to fit within hood. There are also points that extend beyond the 48.5”,
these being the water coolant system and the humidifier fill spout. The depth of the hood
was also attempted to be minimized, however again was constrained by the size of the
HEPA filters and necessary work space volume. Ducting for the airflow as well as space
to house equipment such as the humidifier and blower motor, the overall depth of the
hood comes to 36.5”. There are points on the hood that extend beyond the 36.5”, these
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being the display box in the front and CO2 solenoid valve in the back. This brings the
overall clearance to 44.5”.
The overall metallic structure resembles a C shape surrounding the workspace,
and stands on 4 legs. This is illustrated in figure 2 below. The overall height of the
structure atop the legs comes to 81.5”. The hood itself has an uneven bottom, this is to
accommodate the user sitting at the hood as well as accommodating the size of the
blower motor.

Figure 2 –Solid Model of Overall Structure minus Acrylic Housing

The front legs are 30” long while the back legs are 22” in order to accommodate
the unevenness of the hood itself. The legs are set atop static dissipating caster wheels
and the front leg of each side is connected to the back leg using aluminum strap and
angled pieces to provide added stability. The back legs are also connected together with
straps and angled pieces, but they also serve to provide support for a rack to house the
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CO2 and nitrogen tanks. The overall design of the leg and rack system can be seen in the
image below.

Figure 3 – Solid Model of Legs and Tank Rack

The workspace is designed to have base and back to be made of aluminum sheet
metal, the top to be the HEPA filters and the sides and front to be constructed from
acrylic sheeting. The front also features a door to allow for the user to interact with
materials with the work space. The base of the workspace features a grate drilled into,
located at the very front of it. There is also a square cut into the back of it where the
blower motor can mount to it. There are also holes drilled into it to mount it to angled
aluminum. See Appendix F for specific details on the work space base. The back of the
workspace has the dimensions of 48”x36”, and is to be outfitted with holes for mounting
the humidity and CO2 sensors, as well as holes for mounting a power outlet, nitrogen
hook up and inlet and outlet for the water coolant system. The power outlet hole requires
a diameter of 1 3/8”. The nitrogen hook-up requires a 1” diameter hole, while the water
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inlet and outlet require a 5/8” diameter hole. See Appendix F for specific details for the
back work space panel. The HEPA filters require a surface to be set upon and for tension
to be applied for the foam gaskets on the HEPA filters to provide an adequate seal.
Angled aluminum, strips of sheet aluminum, and strap aluminum were used to provide
the appropriate support. The HEPA filters are supported along the exterior edges as well
as having a support run through the center of the workspace, since we are using two
HEPA filters side by side. The door is built of acrylic sheet and slides within two pieces
of aluminum u-channel. Rubber strips were used to provide a seal and enough friction to
keep the door in place. A magnet is incased at the base at on the right side of the door,
which interacts with a reed switch housed in the u-channel to indicate to the
microcontroller when the door is closed.

Figure 4 – Solid Model of Acrylic Sides and Door

To provide the proper aseptic environment using the laminar flow design,
controlling the direction of air flow is imperative. To accomplish this, certain structural
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aspects are necessary. The blower motor housed beneath the workspace needs to be
sectioned off from the rest of the air ducting in order to provide air to be drawn down
through the grate in the workspace. This prevents any airborne particulates from entering
the work space, and draws them into the air ducting, causing them to be filtered out
before entering the workspace. The diagram below illustrates the desired air flow path.

Figure 5 – Illustration of intended air flow path

While most of the assembly will be bolted together with machine screws and hex
nuts, in order to properly assemble and disassemble the hood, some connections must be
made without access to both sides of the surface, which is necessary to use machine
screws with hex nuts. In order to accommodate this, PEM nuts will be pressed into the
sheet metal in specific locations. PEM nuts are nuts that can be pressed into a piece of
sheet metal, keeping the nut in place and thus essentially acting as a threaded hole. The
graph below illustrates the edges of the sheet metal that required PEM nuts by the red
color, which can also be seen in the engineering drawings for each piece.
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Figure 6 – Illustration of PEM nut locations

Environmental Control
To get an accurate air temperature reading, an array of temperature sensors was
implemented. Eight sensors were implemented within the hood. Two were attached to the
bottom of the work surface, four to the back of the work area back, and two were
attached to the heating element. The sensors were mounted to the sheet metal and incased
in a thermally conductive epoxy to promote an accurate and steady reading. By encasing
them in a block of the thermally conductive epoxy, the temperature sensor reads a value
from the center of a mass that is thermally equivalent throughout its mass. To accomplish
this, 1” aluminum square tubing was cut into a number of 1” segments. A hole was
drilled into the side of the square tubing, the temperature sensor ran through the hole and
then the square tube was mounted using silicon to the sheet metal. The sheet metal was
placed on a level surface, and then filled with the thermally conductive epoxy till the
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epoxy set. Another temperature sensor was mounted in the same fashion to the water
tank, in order to read the temperature of the water.
The heating element was made of pieces of aluminum sheet metal, and mounted
together with ¾” L-brackets, and assembled as seen in the following figures. The
structure has the overall dimensions of 8” wide, 5 ¾” deep, and 4” tall. This aluminum
structure acts as a heat sink for the resistant heating elements, which the blower motor
blows across, raising the air temperature in the hood. Four resistance heating elements are
adhered to the center of the large slats. This provides for a total of 80 Watts being
produced by the heating elements. The heating element is mounted 4 inches above the
output of the blower motor. The figure below illustrates the structure of the heating
element.
The humidifier is mounted atop the work surface, yet behind the work area back
panel, being located to the left of blower motor outlet. The humidifier had to have its
width trimmed by ¼” on each side in order to fit in the ducting. The output of the
humidifier is faced toward the blower motor outlet, using its output to aid in transmitting
the humidity throughout the tissue engineering hood. The fill hole is connected to the
exterior of the hood via 3/8” ID PVC tubing and the corresponding fixtures. A 5/8”
diameter hole in the sheet metal is necessary for the necessary fixtures to be mounted
through it. Two brass couplings with a 3/8” ID hose coupling on one side and a ¼” NPT
male fitting on the other are joined together through the sheet metal using another brass
coupling with female ¼” NPT connections on both sides.
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Two humidity sensors are mounted on the work area back panel; one towards the
top and one towards the bottom, equidistant from the center. The two are used to get an
average reading for the whole of the hood, in order to accommodate any gradients in
humidity. The sensor head enters the work space area by poking through a hole drilled in
the work space. This allows the sensor to read the humidity in the work area while
keeping all the wires and circuitry in the ducting behind the work area. The sensor itself
is adhered to the aluminum using silicone caulk. The two sensors were placed 8” up and
16” to the right and 28” up and 32” to the right of the bottom right hand corner of the
back of the work space, respectively.
To infuse the system with CO2, a CO2 tank was housed beneath the tissue
engineering hood, with an air house running up the back on the exterior to a 2-way
normally closed electronic solenoid, which releases the gas into the back of tissue
engineering hood, near the output of the blower motor. This requires a through wall brass
fitting that accepts ¼” NPT fitting and an elbow connector with two male ¼” NPT
fittings. A 2”-1/4” pipe with NPT attaches on the inside of the hood releasing the CO2
into the air duct. The solenoid is regulated by the readings from the CO2 sensors mounted
on the back of the of the work space back panel. The CO2 sensors are mounted in the
same manner as the humidity sensors. The two sensors were placed 8” up and 32” to the
right and 28” up and 16” to the right of the bottom right hand corner of the back of the
work space, respectively.
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Laminar Flow and UV System
The blower motor is mounted on the base of the tissue engineering hood, centered
at the rear. It was mounted using 1” aluminum square tubing. The blower motor comes
with holes drilled so that it can be mounted. The square tubing is fitted with threaded
holes so that the holes on the blower motor line up with the square tubing. The blower
motor must be mounted so that the output of the blower motor fits into the back of the
base of the work space panel. One inch L-brackets were attached to the top of the 1”
square tubing, so that the square tubing could be attached to the base panel. PEM nuts
had to be fitted to these L-brackets in order to properly assemble the hood.
The HEPA filters were placed at the top of the work space and kept in place
through tension wires. They fit very snugly due to physical constraint from the
dimensions of the hood, however the tension wires used hold down the pre-filters on top
of the HEPA filters and provide a tight seal. A tight seal is necessary in order to have the
air flow through the HEPA filters and not around them and leak unfiltered air into the
work space. Two wires run across the width of the hood and four along the depth. Care
was taken to not crush the filter media or to touch it with contaminated hands.
The UV bulb and shield are mounted at the front of the tissue engineering hood
just below the HEPA filters. The shield houses the terminals for plugging in the bulb as
well as directs the UV light into the hood. The figure below illustrates the shape of the
shield necessary. The wiring runs down the right side against the 1” square tubing
supporting the front of the tissue engineering hood. The UV ballast is connected to the
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wiring and mounted with the protoboards and power converter underneath the work
space.
3D Printer Considerations
The power outlet is mounted on the back panel of the work space, near the bottom
right side. It requires a 1 3/8” diameter hole and to be wired to 120 VAC. It is mounted
4” up and 10” from the bottom right quarter of the back panel of the work space.
The water coolant system consists of a one foot 2 ½” aluminum square tube,
capped on each end with plastic end caps and sealed with silicon. The bottom cap is fitted
with a coupling with a 3/8” ID hose fitting on one end and male ¼” NPT fitting on the
other. This is to connect PVC hose to the inlet of the water pump, mounted below the
water tank. PVC hose then connects the outlet of the water pump to another brass fitting
as described above to transmit water through the exterior of the hood. This was done in
the same fashion as for the fill hole of the humidifier. More hose is then connected to
another brass fitting that fits through the back panel of the work space to a quick connect
universal hose socket. The water is then carried back to the water tank if the first hose
socket is connected to another, and the same method for bringing water from the pump
will be used to bring it back to the water tank. The tank needs a ¼” NPT threaded hole
for the brass fitting to screw into. The whole system is mounted on to the right side of the
tissue engineering hood on the exterior.
A direct contact peltier device with built in cooling fan is mounted onto the
aluminum water tank. This requires two thread 4-40 holes with thread locker on the bolts
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to mount it and prevent leaks. Thermal grease is also necessary between the peltier and
water tank to properly transmit the heat. The peltier device will provide cooling or
heating depending on the direction of current through the device.
The nitrogen system has a tank mounted on the rack beneath the tissue
engineering hood and has an air hose running from the regulator to a two-way ball valve.
The ball valve is then connected through an elbow joint with two male 3/8” NPT fittings
to a through wall brass fitting with female 3/8” NPT fittings. A 5” – 3/8” threaded pipe
connects that through wall fitting to another that comes through the back panel of the
work space. This through wall fitting connects the pipe to a quick connect universal hose
socket. A coupling with male 3/8” NPT fittings on both sides connects the through wall
connector to the universal hose socket.
Electronics
The Arduino Mega 2560 is mounted within the display box, mounted on the front
right corner of the tissue engineering hood. The pinout table for the arduino can be found
in Appendix A. It is mounted to the bottom of the display box using three 3/8” nylon
stand-offs, threaded for 4-40 machine screws. The smaller protoboard is mounted next to
it using 4 of the same stand offs. A 13/32” hole is drilled in the back of the display box as
well as into the tissue engineering hood to allow for wires to pass through and connect to
the arduino and toggle switches. Just inside the hood, at the top of the downward slant on
the right side of the base, a sheet of aluminum is mounted via 4 metal stand-offs to mount
the remaining electronics to. Two terminal blocks, one for 120VAC and one for 12VDC,
are mounted there with two protoboards and the 12VDC 6A converter.
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The display features the LCD display, 5 LEDs, 7 toggle switches, and 4 linear
slide pots to provide the necessary user input. Each toggle switch controls one of the
systems of the tissue engineering hood, these being the hood temperature, humidity
control, CO2 concentration, water coolant system, blower motor, UV lights and the hood
power. The on/off control for the hood only disconnects the power to the 12VDC
converter, disabling all systems besides the blower motor and UV lights. As these will
often be run for an extended period of time, the electronics will last longer if not being
constantly run as well. The toggle for the blower motor turns the motor on to its HI
setting, being the normal setting. The control over the motor speed requires the
electronics to be turned on. The power outlet inside the hood is also functional whenever
the device is plugged in.
The control systems are mostly on/off control. The blower motor is switched from
its high motor speed to the low motor speed when the reed switch is excited by the
magnet in the door. The water coolant system’s peltier device is controlled via two relays
by controlling the direction current is run though the device, while constantly running the
cooling fan. The direction is based on whether the water needs to be heated or cooled to
the desired temperature set. The temperature can be set between 4°C-50°C. The water
pump is turned on once the desired temperature is reached and remains on till the system
is turned off with the toggle switch. The electronic solenoid controlling the CO2 infusion
is opened when its toggle is flipped to the on position and the concentration is lower than
that which is set by the linear slide potentiometers. The concentration can be set between
0.2% and 10%. The heating element is turned on if the hood temperature system is
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activated with the toggle and the set temperature is below the current air temperature. The
hood temperature can be set between room temperature and 50°C. The humidifier is
controlled the same way, being able to be set between 20%-99%. The humidity sensors
require their frequency output to be switched to a pin on the Arduino via a relay due to
having the same address programmed into its firmware. The toggle switches are pull
down switches, meaning that if they are set to their ON position the Arduino will read
0V. Circuit diagrams and pinout diagrams are all found in the Appendix C.
Bill of Materials
Table 3 – Bill of Materials for Constructing Tissue Engineering Hood

Bill of Materials
Quantitiy

Description

Product #

Supplier

Unit Price

Subtota
l

**************************Electronics**************************
2

Humidity sensor - HH10D

SEN-10239

Sparkfun

$9.95

$19.90

12

N-Channel MOSFET 60V 30A

COM-10213

Sparkfun

$0.86

$10.32

2

ProtoBoard - Wombat (PTH)

PRT-08619

Sparkfun

$9.95

$19.90

1

Reed Switch – Insulated

COM-10601

Sparkfun

$1.95

$1.95

6

Relay SPDT Sealed - 5A

COM-00100

Sparkfun

$1.76

$10.56

4

Toggle Switch

COM-09276

Sparkfun

$1.95

$7.80

4

Slide Pot - Medium (10k Linear Taper)

COM-11621

Sparkfun

$2.50

$10.00

5

LED - Basic Green 3mm

COM-09650

Sparkfun

$0.32

$1.60

1

Arduino Mega 2560 R3

DEV-11061

Sparkfun

$58.95

$58.95

2

20% Cozir CO2 Sensor

GC-0006

CO2Meter.com

$209.00

$418.00

1

2 Pin - Double Ended - Precision Lighting
GPH793T5L

AULGPH793T5L

1000Bulbs.com

$14.47

$14.47

1

Atlantic Ultraviolet 10-0054C

AU-B100054C

1000Bulbs.com

$95.00

$95.00

1

Peltier-Fan Assembly

926-1070-ND

Digikey

$179.55

$179.55

4

Kapton® (Polyimide Film) Insulated Flexible
Heaters

KH-104/5-P

Omega

$36.00

$144.00

1

Conductive Epoxy

473-1089-ND

Digikey

$52.99

$52.99

1

Swiftech MCP355 3/8in Water Pump

20721

xoxide.com

$74.99

$74.99

1

NC Gas Solenoid valve 1/4" NPT - CO2

21996

ASCO Valves

$57.00

$57.00

1

Centrifugal Blower Motor 1000 CFM

T9FB187594

Global Industrial

$282.51

$282.51

1

Cigar Oasis II XL

OA2-1300

Cigar Oasis

$199.00

$199.00
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10

Temperature Sensor

SEN-10988

Sparkfun

$1.35

$13.50

2

Logic Level Translators

BOB-08745

Sparkfun

$1.95

$3.90

1

Break Away Headers

PRT-00116

Sparkfun

$1.50

$1.50

1

Heat Shrink Kit

PRT-09353

Sparkfun

$7.95

$7.95

4

1/4", 4-40, 10 Pack Phillips Head Screws

PRT-10453

Sparkfun

$1.50

$6.00

2

Nylon Stand offs, 10 Pack

PRT-10927

Sparkfun

$2.95

$5.90

6

1/8"x1/8"x1/2" Block, N42 Magnet

B228

K&J Magnetics, Inc.

$0.52

$3.12

1

12V 6A converter

285-1825-ND

Digikey

25.08

$25.08

1

5V 0.8A regulator

NOPB-ND

Digikey

1.49

$1.49

2

100' 22 gauge wire solid

2781215

Radioshack

$8.54

$17.08

1

Extension Cord, 12 gauge, 25 feet

34083

Miners

$27.99

$27.99

1

12 gauge winged quick connects

34926

Miners

$2.59

$2.59

2

12V coil/125VAC 15A Relay

2750031

Radioshack

$4.49

$8.98

3

90' 22 gauge wire solid

2781221

Radioshack

$8.49

$25.47

1

Two Prong Connectors

2761388

Radioshack

$3.59

$3.59

3

Toggle Switch

314999

Miners

$2.99

$8.97

1

10 gauge Ring Crimp Connectors

34544

Miners

$3.59

$3.59

1

Single Plug 20A

3201639

Miners

$7.99

$7.99

1

Plug Cover White

3220787

Miners

$0.59

$0.59

1

Thermal Grease

2801098

Radioshack

$7.19

$7.19

1

Metal Stand off 4 pack

2760195

Radioshack

$1.79

$1.79

1

Desoldering Braid

6402090

Radioshack

$4.04

$4.04

1

Protoboard

2760158

Radioshack

$3.14

$3.14

1

Solder

6400005

Radioshack

$5.39

$5.39

2

Two Prong Connectors 4 pack

2761388

Radioshack

$3.60

$7.20

2

Butt Connectors 22-18 gauge 10pack

34558

Miners

$2.99

$5.98

1

10 gauge Ring Crimp Connectors

34548

Miners

$3.59

$3.59

1

Butt Connectors 22-18 gauge 100pack

34559

Miners

$14.99

$14.99

15

16 gauge wire red

89748

Miners

$0.39

$5.85

15

16 gauge wire blue

83183

Miners

$0.39

$5.85

1

Ring Crimp Connectors 22-18 gauge

34537

Miners

$3.59

$3.59

1

3' UV Lamp

Home Depot

$23.86

$23.86

2

Fuses

Miners

$4.66

$9.32

2

8 Circuit Terminal Block

Home Depot

$7.74

$15.48

2

Female to Female Jumper Wires

Radioshack

$5.39

$10.78

2760144

*************************Hardware************************
3

Plexiglass 48x48x.125"

Eplastics

$49.02

$147.06

1

6061 Aluminum Strap (1" Wide x 1/8" thick) 3'

OnlineMetals.com

$1.86

$1.86

1

6061 Aluminum Strap (1" Wide x 1/8" thick) 6'

OnlineMetals.com

$3.06

$3.06

1

6061 Aluminum Strap (1" Wide x 1/8" thick) 8'

OnlineMetals.com

$3.86

$3.86

Page 39

3

6061 Aluminum Square Tube 8' (1" Wide x 1/8"
Thick)

OnlineMetals.com

$16.53

$49.59

11

6061 Aluminum Angle 8' (3/4" Wide x 1/8" Thick)

OnlineMetals.com

$5.63

$61.93

2

6061 Aluminum Sheet 24x48" (1/16" Thick)

OnlineMetals.com

$45.75

$91.50

7

6061 Aluminum Sheet 36x48" (1/16" Thick)

OnlineMetals.com

$65.44

$458.08

HEPAfilters.com

$211.85

$423.70

HEPAfilters.com

$25.00

$25.00

HC240300X4A
7

2

24x30x3" Standard Volume HEPA Filter

1

Scott-Foam Prefilter

4

Static Control Caster Wheels

2358T63

McMaster-Carr

$8.08

$32.32

1

10 pack Eye Hooks

9489T17

McMaster-Carr

$2.99

$2.99

2

S Hooks

6043T5

McMaster-Carr

$3.75

$7.50

1

10' PVC Tubing

5231K196

McMaster-Carr

$7.20

$7.20

Hose Clamp

5388K14

McMaster-Carr

$5.87

$5.87

44555K133

McMaster-Carr

$2.17

$17.36

53475K21

McMaster-Carr

$9.30

$18.60

91773A827

McMaster-Carr

$6.90

$34.50

91841A195

McMaster-Carr

$4.30

$21.50

1
8
2
5

Barbed Hose Straight for 3/8" Tube ID x 1/4 Male
Pipe Size
Unversal Hose Socket 1/4" NPTF Female, 1/4
Coupling Size
18-8 Stainless Steel Round Head Phillips Machine
Screw

5

18-8 Stainless Steel Machine Screw Hex Nut

4

Gasket Tape 1/2" wide 0.02" thick 50 ft long

9477K21

McMaster-Carr

$41.08

$164.32

1

3/8 90 degree female x male elbow

4429K152

McMaster-Carr

$9.08

$9.08

1

1/4 90 degree female x male elbow

4429K151

McMaster-Carr

$9.08

$9.08

2

3/8 Pipe Locknut

4429K123

McMaster-Carr

$2.00

$4.00

4

1/4 Pipe Locknut

4429K122

McMaster-Carr

$1.53

$6.12

1

8 feet 1/8" thick 1/2" Width Silicon Rubber

2614T18

McMaster-Carr

$1.50

$1.50

1

3/8" Universal Hose Socket

53475K23

McMaster-Carr

$10.18

$10.18

1

3/8" Brass Ball Valve Male x Female

47865K42

McMaster-Carr

$9.67

$9.67

2

Air Hose Plug, 3/8" Hose ID, 1/4 Coupling Size

1077T26

McMaster-Carr

$2.58

$5.16

2

Brass Hex Nipple, 3/8"

5485K23

McMaster-Carr

$3.28

$6.56

1

2 1/2" square tube, 1 ft length, aluminum

88875K791

McMaster-Carr

$12.72

$12.72

1

10 pack, Square Tube Caps

9565K92

McMaster-Carr

$7.80

$7.80

1

12 feet, silicon rubber 3/32" thick x 1/2" Width

2614T39

McMaster-Carr

$1.21

$1.21

1

1/4" Through Wall Pipe Fitting

8682T22

McMaster-Carr

$10.25

$10.25

2

3/8" Through Wall Pipe Fitting

8682T23

McMaster-Carr

$13.62

$27.24

1

10 pack, 3/4" Hose coupling

5345K11

McMaster-Carr

$5.74

$5.74

1

10 pack, 1" Hose coupling

5345K12

McMaster-Carr

$5.95

$5.95

1

2" 1/4" Brass Pipe, threaded

4568K133

McMaster-Carr

$2.17

$2.17

3

3/8" Hose ID, 1/4" coupling size, Air Hose Plug

1077T26

McMaster-Carr

$2.58

$7.74

7

PEM nuts 10-32 for 0.06" minimum

95117A466

McMaster-Carr

8.07

$56.49

2

1/4" Pipe Coupling

50785K92

McMaster-Carr

1.5

$3.00

1

10-32 Philips Head x 3/8" packs of 100

91773A827

McMaster-Carr

6.9

$6.90

1

2-56 Philips Head x 3/8" packs of 100

91773A079

McMaster-Carr

4.33

$4.33

1

2-56 Nuts packs of 100

91841A003

McMaster-Carr

2.53

$2.53
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1

Funnel

1479T83

McMaster-Carr

2.43

$2.43

1

3/8" Pipe Threaded 5"

4568K159

McMaster-Carr

4.92

$4.92

1

CO2 Pressure Regulator

Airgas

$67.00

$67.00

1

5lb Aluminum CO2 Tank

Airgas

$12.50

$12.50

1

20 Gal Nitrogen Tank

Airgas

$13.00

$13.00

1

Nitrogen Regulator

Airgas

$135.00

$135.00

1

CO2 Gas - 5lb

Airgas

$95.00

$95.00

1

Nitrogen - 20 Gallons

Airgas

$79.19

$79.19

10

2"x2"x.125 Alum. Sq. Tube 24'

McCarthy Steel

$5.85

$58.50

2.205

1/8" x 1" Alum. Flat Bar 12'

McCarthy Steel

$5.10

$11.25

2.9

1/8" x 2"x2" Alum. Angle 25'

McCarthy Steel

$5.10

$14.79

0.888

1/2"x1/2"x1/32" Alum Channel 16'

McCarthy Steel

$5.10

$4.53

$17.20

$17.20

$17.25

$17.25

Contractors
Mainenance
Contractors
Mainenance

1

Air Hose, 3/8" Male Fitting, 3 Feet

1

Air Hose, 1/4" Male Fitting, 3 Feet

2

1/4" NPT Male x Male Couplings

13096

Ace Hardware

$2.99

$5.98

1

90' 22 gauge wire solid

2781221

Radioshack

$8.49

$8.49

2

Lock Washer #10

30699326013

Home Depot

$1.18

$2.36

1

Washer #10

Home Depot

$1.18

$1.18

2

1" Corner Brace 20 pack

Home Depot

$7.48

$14.96

2

1.5" Corner Brace 4 pack

Home Depot

$2.67

$5.34

9

3/4" Corner Brace 4 pack

Home Depot

$1.97

$17.73

5

1' rope 1/4" white

Home Depot

$0.22

$1.10

1

10-32 Hex Nuts

H140024

Miners

$3.59

$3.59

2

Philips 10-32x1/2"

H92196

Miners

$4.79

$9.58

1

Sheet Metal Screw #4x3/8"

Home Depot

$1.18

$1.18

2

Aluminum Bar 1/8"x3/4"x4'

5117973

Miners

$6.99

$13.98

2

Handles

5384136

Miners

$2.99

$5.98

1

Superglue

13003

Miners

$2.59

$2.59

1

Distilled Water 1 gallon

9215419

Miners

$1.79

$1.79

1

Thread Locker

18615

Miners

$3.99

$3.99

1

White Silicon Caulk

11315

Miners

$4.99

$4.99

Subtotal

$4,392.39

Taxes

$351.39

Total

$4,743.79

Page 41

Expenses
While the total for the bill of materials comes to $4743.79, the cost of developing
the tissue engineering hood came to $5418.31. The added costs came from shipping and
handling costs, replacement and back-up parts. The shipping and handling accounted for
$140.70, while $533.82 was spent on replacement and back-up parts. The majority of
those costs come from extra aluminum, hardware and electronics.
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CHAPTER 3
Fabrication
Manufacturing
Hood Fabrication
The structure of the tissue engineering hood was constructed out of basic
structural shapes of aluminum, featuring primarily sheet metal, square tubing, and lengths
of strap and angled aluminum. These were cut and shaped using common machinery. A
band saw was used to cut all the square tubing and angle pieces. The band saw also
provided all the angled cuts necessary. A drill press was used to drill all the holes in the
angle pieces and the majority of those in the square tubing. A handheld drill was used
when pieces needed to be assembled before the correct location of the hole could be
determined. This was done primarily in the fabrication of the legs and tank rack
assembly, and to transfer the location of the holes from the angle pieces to the sheet metal
they were to be bolted to. The pieces of sheet metal were cut on a sheet metal shear, or by
hand with handheld shears. When handheld shears were used, an angle grinder was used
to clean up the edges and to square up the interior corners. The bolts used to assemble
everything were 10-32 bolts, requiring that all the through holes be drilled using a #7 drill
bit and all the holes to be threaded drilled with a #21 drill bit. Further description of the
individual pieces being fabricated can be found in the engineering drawings in Appendix
F.
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The first portion of the tissue engineering hood to be fabricated was the legs and
rack for the tanks. The was done by first connecting the two back legs with the necessary
supports to keep them squared and straight up and down as well as providing the basis for
the tank rack. The front legs were then attached to the back legs using structural
aluminum running from front to back. The tank rack was then fabricated on top of the
supports and designed to hold two tanks. The wheels were then attached to the bottom of
each leg.

Figure 7 - Images from leg and tank rack construction

After completing the legs, the base of the tissue engineering hood was
fabricated. This was fabricated using sheet metal and angled aluminum. The base was
slanted to accommodate the size of the blower motor while still allowing a person to sit at
the front of it. The base was then attached to the legs using L-brackets.
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Figure 8 – Images from base of Tissue engineering hood construction

After the base was completed, the rest of the aluminum siding was fabricated.
Each piece was cut to shape then fitted together using angled aluminum. This was done
separately from the overall structure before all the holes were drilled in each piece. Once
each piece was fitted together the overall structure was added to the legs. While
attempting to piece the entire structure together, it was made clear that it would be
impossible to bolt the whole thing together with basic nut and bolts, as both sides of the
of the hole are not available. To solve this, PEM nuts were pressed into the sheet metal to
provide a stationary threaded hole to bolt down the angled aluminum.
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Figure 9 – Images from construction of overall hood structure fabrication

After the overall structure was assembled, the individual actuators were
assembled and tested before being mounted to the overall device. This entailed
developing a mount for the blower motor, fabricating a heating element, and constructing
the water pump assembly. The electronics assembly was also mounted to a sheet of
aluminum, and then mounted to the base of the tissue engineering hood and grounded to
the chassis. The blower motor was mounted to the base as well, and then the display box
was fabricated.

Figure 10 – Images of heater, water pump, and blower motor construction
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Figure 11 – Image of display and user controls

After the display box was mounted on the front bottom right side of the tissue
engineering hood and everything else below the main work space was completed, the
main work surface was fabricated and fitted. This required drilling approximately 400
holes to create a grate at the front of the surface and a square hole for the outlet of the
blower motor in the back. It also required drilling a 7/8” hole in the back right for wiring
purposes. Once that was fabricated, and set in place, all the remaining sensors and
actuators were mounted.
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Figure 12 – Image of Sensor and Actuator Implementation

After all the actuators and back of the work space was added, the HEPA filters
were fitted to the top of the device. The pre-filters were then laid on top and then secured
using bailing wire. After the filters were added, the pieces of acrylic were fitted on each
side. Then the UV system was mounted at the front of the top of the work space, facing
inwards. Then the acrylic for the front of the tissue engineering hood and the door was
mounted. A piece of strap aluminum bent inwards was added across the seam of the front
piece of acrylic and the door to close the gap between the two.
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Figure 13 – Images of filters, UV system, and overall assembly

Electronics
The electronic components were wired together and soldered on three
protoboards. Two of the protoboards were housed inside the hood, while the other was
mounted in the display box. The 12VDC converter, 120 VAC and 12VDC terminal
blocks and two protoboards were all mounted to a piece of aluminum sheet metal and
mounted via metal standoffs inside the hood. Most of the actuators required a basic on/off
control schemed that was controlled via a MOSFET relay combination. Detailed circuit
diagrams can be found in Appendix C. The humidity sensors had a slightly more
complicated wiring system, as the frequency output of each sensor had to take turns being
read by the same pin on the Arduino. This required the use of relay to switch these lines
periodically to gain accurate readings. The electronics are explained in much greater
detail in the senior project report, “Laminar Flow Hood System Design” by Sophie
Schneider that was done in collaboration with this project [23].
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Programming
The program used to control the Arduino Mega 2560 was written using the
Arduino IDE (Integrated Development Environment). The IDE uses the C sharp language
and associated libraries written for the Arduino. The goal of the program is to provide
control over the actuators based on sensor and user input. It featured a basic cascade
programming scheme, going through one subroutine at a time then repeating. It first reads
all the sensors, updates the display with these values, checks to see if any inputs have
changed, then updates the actuators based on the sensor inputs and inputs from the user.
It takes approximately 1.25 seconds to run through the program once, which can give
some visible delays on the screen at times when updating the input values using the slide
potentiometers. The flow chart found in Appendix D further illustrates the control
scheme.
Validation
Bench Testing
Before the sensor and actuators were mounted onto the structure of the Tissue
Engineering Hood, each one was tested to verify their function. The temperature sensors
were wired to 7 feet of wire and compared to a sensor plugged directly into a bread
board. This was done to see if there was a significant change in accuracy of the sensors
over the length of transmission of the analog signal. The testing showed that the wires
needed to be twisted to prevent a decrease in accuracy. The twisting of the signal and
ground wires act to protect the signal from added noise. The CO2 sensors required
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calibration before being implemented. This was achieved by grounding a pin when
placed in the appropriate environment. The sensors were placed in nitrogen to displace all
the CO2 present, resulting in a reading of 0 ppm. Alternatively the sensors could be
calibrated in open air, with the assumption that there is a CO2 concentration of 450 ppm.
The open air method was used, as there were difficulties in obtaining a proper 0 ppm
reading in the nitrogen. The humidity sensors were tested to confirm their accuracy and
function by comparing the readings to a hygrometer. The solenoid, resistance heaters,
water pump, UV system, and blower motor functionality were confirmed by applying the
appropriate voltage and amperage.
Program Validation
After the tissue engineering hood was fabricated, sensors and actuators connected
and all the electronics hooked up, the functionality of the sensors and actuators were
confirmed. This was accomplished by writing individual programs and functions to test
all the functional aspects of the tissue engineering hood. This ensured that all the
MOSFETs and relays used to control the actuators were correctly installed, that the
sensors were functioning correctly, and that the individual functions of the program
worked appropriately.
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CHAPTER 4
Results
The tissue engineering hood was successfully completed according to the final
design described above. The dimensional requirements were met and thus can
successfully house the 3D-Bioplotter and other devices. The laminar flow aspect of the
design was successfully carried out and found to be successful. A dry ice fog was used to
visually confirm the airflow in the device. There is significant airflow drawn through the
grate at the opening, keeping contaminates from entering the workspace and instead
traveling through the blower motor and being filtered out by the HEPA filters before
entering the workspace. There were also no leaks around the HEPA filters, showing that
the airflow was not bypassing the HEPA filters. Also smooth air flow was seen and felt
coming through the filters. The control of the blower motor through the reed switch and
magnet housed in the door was also confirmed.
The UV system was implemented successfully as well, providing and increased
measure of sterility. The UV shield properly directs the light into the system while
preventing loss out the front. The reflective nature of the polished aluminum also aids in
reflecting the UV light through the system. The combination of the laminar flow system
and UV lights provide an aseptic environment for the work space as long proper aseptic
techniques are used when working within the hood.
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Environmental Controls
Temperature
In order to characterize the efficiency of the temperature control, data was
collected during the heating cycle. The heating rate, cooling rate, range of temperatures
and accuracy of maintaining the set temperature was analyzed. The results however were
less than desired. The highest air temperature reached was 32 ° C (89.6 ° F) after
approximately 2 hours. This is 5 ° C (8.4 ° F) short of the design requirements and what
is necessary to keep cells viable. It was also found that a significant amount of the
heating was the produced from blower motor. Running the blower motor without
activating the heating element, raised the temperature in the work space to 28 ° C (82.4 °
F) with the door closed and to 27 ° C (80.6 ° F) with the door open. Based off these
results, the heating element is only raising the temperature 4 ° C (7.2 ° F) above what the
blower motor is raising the temperature to. The heating rate was found to be 0.1223 ° C
per minute, as seen in the graph below.
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Hood Temperature Heating Rate
Temperature (degrees C)
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Figure 14 – Heating rate of tissue engineering hood temperature

Hood Temperature Cooling Rate
Temperature (degrees C)
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Figure 15 – Cooling Rate to room temperature of tissue engineering hood

The cooling rate of the tissue engineering hood was found to be decreasing at a
rate of 0.04 ° C per minute, as seen in the graph above. This data was collected with the
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door open and blower off, as the blower produces significant amount of heat and the hood
temperature decreased very slowly with the door closed.
The accuracy in maintaining a set temperature was fairly effective. When set at 31
° C, there was a standard deviation of 0.51 ° C, which matches the design requirements.
The temperature sensors also had a degree of variance which suggests that the actual
hood temperature was more stable. An air temperature gauge was also placed inside the
hood during testing, which was completely stable during the testing.

Accuracy of T.E. Hood Temperature
Temperature (degrees C)
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Figure 16 – Accuracy of maintaining a constant temperature in the tissue engineering hood

Humidity
The humidifier had poor results as well. While the humidifier was able to increase
the humidity within the tissue engineering hood while the blower motor was off, running
the blower motor decreased the humidity. While running both, the humidity would
remain constant with the initial humidity. The humidifier was designed to accommodate
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up 60 cubic feet, which is greater than the 47 cubic feet of the hood, however it doesn’t
seem to output enough humidity. While the humidity in the hood was not able to be
sufficiently controlled, data on the accuracy of the humidity sensors was gathered. The
sensors were found to have an accuracy of +/- 0.34% when the two sensors were
averaged together. The sensors did appear to lose accuracy while CO2 was being pumped
into the hood. This is most likely due to the inlet being too close to one of the sensors,
and the cold caused by the release of the pressurized CO2 causes inaccurate readings.
CO2
The system was capable of raising the CO2 percentage up to 10%, however there
were significant leaks in the system. This caused the 5 lb CO2 tank to become empty after
two hours of maintaining the CO2 percentage at 5%. The rate of raising the CO2
percentage, rate of leaking and accuracy of maintaining a certain percentage was also
analyzed. The rate of raising the CO2 percentage with the regulator set at 10 psi was
found to be 1.16% per minute. This could be adjusted based on the pressure set by the
regulator however. The dissipation rate was found to be 0.58% per minute when the
initial concentration was 5% CO2. Some leaks were found and patched, decreasing the
leakage rate to 0.36% per minute. The accuracy of maintaining 5% CO2 was found to be
+/- 0.27%. There was however an over-shoot of approximately 0.5% due to time delay
due to the distance from the CO2 inlet to the CO2 sensor.
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CO2 Percentage when set at 5% CO2
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Figure 17 – Accuracy of maintaining a constant CO2 percentage

3D Printing Requirements
Providing the necessary support to accommodate a 3D printer was provided with
the final design. A plug capable of providing 120 VAC and 20 Amps was provided as
well as a universal socket feeding compressed nitrogen in order to operate any pneumatic
actuators. The regulator can easily provide the necessary pressure, however the brass pipe
and fittings are rated for up to 200 psi. The system did not have any apparent leaks.
The water coolant system was functional, however its efficiency could be
increased when using room temperature water. The cooling rate, heat rate, and accuracy
of maintaining a set temperature was analyzed. The system was not efficient enough to
heat and cool room temperature water through the full range of desired temperature,
however if chilled or heated water is used, it reaches these goals. The cooling rate was
found to decrease the water temperature by 0.33 ° C per minute. The heating rate was
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found to increase the water temperature by 0.49 ° C per minute. The accuracy of the
system was shown to be +/- 0.87 ° C, and there was an initial change of 1 ° C when the
pump began circulating water.

Water Coolant Cooling Cycle
Temperature (degrees C)
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Figure 18 – Cooling cycle of water cooling system

Water Coolant Heating Cycle
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Figure 19 – Heating cycle of water coolant system
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Cell Testing
To analyze the effectiveness of the tissue engineering hood at keeping cells alive,
an experiment using 3T3 fibroblast cells was conducted. The goal of the experiment was
to compare the percent of cell viability of the tissue engineering hood to a cell culture
incubator and being kept on a work bench being exposed to normal room conditions. The
conditions for the bench top control were 25 ° C, 40% humidity and 0.05% CO2. The
incubator provides the proper environment for cells to survive and grow, being 37 ° C,
95% humidity and 5% CO2. The hood was able to reach 32 ° C, 30% humidity and 5%
CO2 for the first two hours, then dropping to 0.05% CO2 for the rest of the experiment. A
T75 flask was placed in each condition for an extended period of time to examine the
viability over time. Each flask was placed under a microscope to examine the health of
the cells every two hours for 10 hours. The experiment was run for 10 hours because at
that time point, nearly all the cells in the bench top control appeared to have died. At the
end of 10 hours, a Trypan Blue assay was performed on each flask to assess the percent
viability of the cells and the total number of cells present. See Appendix G for the
protocol used for the experiment.
The results of the experiment and typan blue assay are as stated below in Table 4.
It was found that there was 42.4% difference of the T.E. Hood and the incubator. The
percent viability was also 2.87 times greater in the T.E. Hood compared to the incubator
having a percent viability 4.99 times greater than the bench top. This shows that while the
T.E. Hood does not provide the adequate environment for cells to thrive, it does provide a
better environment than the bench top. This also suggests that if the design requirements
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were met, the cells would be healthy and thrive. The results also showed that there were a
higher number of cells in the flask housed in the incubator than the T.E. Hood and the
bench top. This suggests that the incubator provided a more suitable environment for
cells to duplicate than the T.E. Hood and bench top.
Table 4 – Summary of Tyrpan Blue Assay Results

Total #
# Live

# Dead

# Total

of

% Viability

Cells
Incubator

44

21

65

520000 67.69

Bench

8

51

59

472000 13.55932

T.E. Hood

24

36

60

476000 40

Images at each time point were also captured and show the progression of cell
health throughout the experiment. It shows that the incubator keeps the cells healthy, as
they are properly adhered and begin to duplicate. The degradation of the cells can be seen
in the T.E. Hood and bench top flasks. The bench top cells degrade much quicker
however, showing that the environment provided in the T.E. Hood is helping to keep the
cells alive.
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Table 5 – Images of each test sample at two hour intervals

Time
Point
0 hr

Image of Cells Under Microscope (Incubator/Hood/Bench)

2 hr

4 hr

6 hr
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8 hr

10 hr

Issues
Heating
There were some issues with the temperature control within the tissue engineering
hood. These are important to remedy as temperature plays the most important role in
maintaining cell viability during the tissue engineering process. The main issue seen was
that the hood was not capable of reaching the desired temperature of 37 ° C. This is due
most likely to two features of the design. The first issue could be the wattage of the
heating element not being sufficient for the size of the tissue engineering hood. The other
potential issue would be heat dissipation of the hood. The hood is made nearly entirely of
aluminum, which dissipates heat fairly easily. Therefore the hood appears to be acting
like a heat sink for itself.
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Another issue that presented itself was the heat produced by the blower motor.
With the blower motor generating such significant heat, it prevents the use of the tissue
engineering hood at room temperature and temperatures below 28 ° C.
Humidity
The humidifier was found to not be efficient enough to properly control the
humidity in the tissue engineering hood when the blower motor was running or when the
door was open. The blower motor decreases the humidity in the hood when being run,
which acts counter to the desired effects of the hood. Therefore this would have to be
remedied in order to provide efficient control over the humidity within the tissue
engineering hood.
CO2
The CO2 control was effective at increasing the percentage of CO2 within the
tissue engineering hood, however there were significant leaks, causing the CO2
percentage to vary too greatly. To counteract the leaks, too much CO2 is used to keep the
percentage constant. This caused the tank to empty after only 2 hours which is 8 hrs
short of the minimum time necessary. While no significant leaks were found in the seams
of the hood, the CO2 percentage in the hood is approximately 100 times the normal air
concentration, creating a large gradient to drive diffusion. Therefore even small leaks
would have large effects. The door also did not seal very efficiently which would be
necessary for proper control over the CO2 concentration.
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Leaks
To identify the leaks in the system, a dry ice fog was used to visually examine the
air flow. One significant leak was located near the front right corner of the work surface.
The leak draws air into the hood, which doesn’t compromise sterility due to its location,
however it would affect CO2 concentration. By drawing air in at a lower concentration
than that in the hood, the concentration in the hood decreases. Also, while the air flow
was inwards, CO2 would still be exiting due to the large concentration gradient. The door
didn’t seal properly, however doesn’t draw a large amount of air into the work area when
closed. Sealing the significant leak decreased the rate at which CO2 decreased inside the
tissue engineering. However it still decreased at a rate too significant for practical use.
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CHAPTER 5
Next Steps
Heating
In order to remedy the insufficient heating, there are two obvious next steps. The
first would be to increase the wattage of the heating element, and the other would be to
insulate the exterior surfaces of the hood. Increasing the wattage will increase the amount
of heat that is able to be added to the environment, while the insulation will help prevent
heat loss. The insulation would be the more efficient first step, as a significant amount of
heat is already being added to the environment. The insulation should also be kept to the
exterior metal surfaces, as to still allow heat to radiate into the work area as well as
increase the air temperature while preventing it from escaping into its surroundings. If the
insulation proves to be insufficient in reaching the desired temperature, it proves that the
heating system is inadequate and thus the wattage must be increased. Based on
observations during testing, it appears that heat dissipation is the issue. Since the tissue
engineering hood is intended to circulate the same air when the hood is closed, the hood
should eventually be able to reach its intended temperature after enough time has passed.
During testing however, once it reached its maximum temperature after approximately 2
hours, it was still at the same temperature more than 10 hours later. Therefore this
suggests that the heating output is at its maximum while the heat dissipation prevents the
temperature from continuing to rise. Foam insulation would most likely be the best option
in terms of insulation, as the high amount of air flow could potentially pick up fiberglass
and cause it to circulate. Foam insulation would also be easier to install due to its ability
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to match any irregular contours of the hood as well as effectively fill any corners. The
high humidity would also not mix well with fiberglass, potentially causing condensation
which can lead to mold growth and thus contamination of the hood. These corrections
should hopefully increase the heating efficiency to the appropriate level.
There is also the issue of the blower motor raising the air temperature in the hood
above room temperature over time. Since the goal of the hood is to operate at 37 ° C, this
is not a major issue; however it prevents the use of the hood below 28 ° C, limiting its
potential uses. While this does not affect the intended use, the hood was designed to
accommodate multiple uses. A potential remedy for preventing this would be to add a
method of cooling to the air temperature control. Insulating the motor has a potential for
remedying the issue, however due to the extended period time the motor is in use, the
heat would eventually dissipate into the hood. Adding a sufficient heat sink to translate
the heat build up to the exterior of the tissue engineering hood will be necessary to allow
the hood to operate at room temperature.
Humidity
Increasing the humidity output will also be necessary to provide the intended
function of the tissue engineering hood. While the most efficient commercial humidifier
that could fit into the dimensions of the hood was used, the output still needs to be
increased. In order to do this, the issue of the blower motor reducing the humidity must
be reversed to increase the humidity. The current humidifier functions by blowing air
over a water reservoir, causing evaporation and raising humidity. Therefore the blower
motor can be used to produce more humidity in the same fashion. By adding another
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water reservoir into the hood, the current air flow produced by the blower motor can be
used to increase the humidity in the hood. The reservoir will need fungicidal treatment to
prevent the water reservoir from causing contamination in the hood. This system would
require a bit of trial and error and refinement as it is a custom design.
CO2
The issue with controlling the CO2 concentration was the leaking of CO2 from the
system. Therefore the issue is obviously remedied by eliminating these leaks. To fix this,
different fabrication techniques would be necessary as well as new design for a better
sealing door. While gasket tape and silicon were used as an attempt to seal any leaks,
they apparently were not effective enough. Therefore welding all the seams together
would provide a much better seal. This would require TIG welding due to the use of
aluminum. Welding all the seams would prevent the access to the inner workings of the
hood, which would cause problems during the prototyping phase, however would be the
best choice for the final design. As for improving the seal of the door, a latching
mechanism should be added to apply pressure to the seal created by the rubber gasket.
Other Improvements
There are other improvements that can be made beyond addressing the previously
identified issues. A custom circuit board should be created to consolidate the control
circuits. This would provide for more reliable connections and consolidate the size of the
circuits. Better wiring management should also be considered. The custom circuit board
would provide the opportunity to consolidate the wires into buses giving a much cleaner
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appearance and allow for easier management of the wires. Shielded wires should also be
used to protect the analog signals of the temperature sensors for degrading. Improving the
seals of the wires that pass through the exterior of the tissue engineering hood is also
necessary to prevent any sort of leakage. This can be accomplished through using wiring
buses and connectors mounted in the sheet metal to connect the inside to the exterior.
Conduits should also be used to manage the wires and protect them from the moist and
corrosive environment of the hood. More sensitive temperature sensors should also be
considered, as well as more reliable humidity sensors. The humidity sensors can vary
greatly, as well as possessing and addressing issues, requiring the use of a relay to switch
between each sensor to gather readings. Insulating the sensors against the environment
should also be considered in order to protect their circuits from corrosion over time.
A better water tank should also be designed. The seals on the current tank can fail
at times due to thermal expansion and contraction from the changing temperatures. Also
limiting the amount of water in the system will increase its efficiency. The overall
dimensions should also be considered to be changed, as it will currently not fit through a
standard door while assembled. The depth of the system needs to be restricted to less than
35” in order to allow it to easily pass through a standard door while assembled. This
would require the obtainment of HEPA filters with custom dimensions, a new design of
the overall structure as well as a new location for the display.
Commercialization
Once the issues of the tissue engineering hood have been resolved and the device
functions as it should, there is a chance for it to be sold as a commercial product. The
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current market for the tissue engineering hood would be research laboratories focusing in
tissue engineering and biologics. While this market is fairly small and commonly already
outfitted with a multitude of devices to meet the functionality achieved by the tissue
engineering hood, it is a growing field and there are increased benefits from the tissue
engineering hood. It may be difficult to introduce the device into the market, however if
presented at a reasonable price and with the added benefits of the tissue engineering hood
there should be a reasonable market size. Also as the device is a combination of systems,
it will be potentially difficult to properly protect the intellectual property with a patent.
Therefore providing a tissue engineering hood customized to a client’s needs would
provide the most successful business model.
A small business venture featuring the tissue engineering hood would require the
following set-up. Estimating the cost per unit being $5000, and the amount of time to
fabricate one unit after refining the process to be at most 100 man hours, a single person
could produce approximately 20 units in a year. A reasonable number of units sold each
year would be 10-15 units. Therefore to make it viable enterprise for an individual
without considering the necessary start-up capital, each unit would need to sell at a price
of $11,000 to $12,000 for a standard device. Having a single product to support a
business makes it a risky venture, therefore expanding the business to provide custom
bioreactors or other support devices would reduce some of the risk.
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CHAPTER 6
Conclusion
The tissue engineering hood is designed to provide the optimum work space for
tissue engineering. Its current design focuses on providing the proper environmental
conditions as well as the necessary faculties needed for 3D printing. The tissue
engineering hood was designed to benefit the tissue engineering field by providing an
environment optimal for long duration fabrication methods and the maintenance of cell
viability during any process. While the current design had some difficulties providing the
proper environment, it clearly demonstrates what changes must occur to achieve the
desired functionality. Incorporating the necessary support hardware for 3D printing was
successful and demonstrates that the hood could be modified for other similar functions.
After implementing the previously mentioned methods for achieving the desired
outcomes, the tissue engineering hood will be a beneficial addition to the equipment
available to a tissue engineer.
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APPENDIX A
Arduino Pin Designations
ATMEGA Pin

Designation

IOREF
RESET
3.3V
5V

A0
A1
A2
A3
A4
A5
A6

N/C
N/C
N/C
5V
Pots/Toggles
Reed Switch
Ground
Arduino Power
Ground
12V Arduino
Power
TEMP0
TEMP1
TEMP2
TEMP3
TEMP4
TEMP5
TEMP6

A7
A8
A9
A10
A11
A12
A13
A14
A15

TEMP7
TEMP8
POT0
POT1
POT2
POT3
N/C
N/C
N/C

GND
GND
VIN

ATMEGA
Pin
AREF
GND
13
12

Designation

Designation

N/C
N/C
N/C
SCRN4

ATMEGA
Pin
5V
5V
22
23

11

SCRN6

24

SCRN13

10

N/C

25

SCRN14

9

N/C

26

HUM CTRL

8
7
6
5
4
3
2

N/C
N/C
N/C
N/C
N/C
N/C
TOG0

27
28
29
30
31
32
33

1
0
14
15
16
17
19
19
20
21

TX
N/C
TX2
N/C
N/C
N/C
N/C
N/C
SDA
SCL

34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49

N/C
HUM SEL
PELTIER FAN
PELTIER CTRL1
PELTIER CTRL2
H20 ON/OFF
HEATER
ON/OFF
SOL ON/OFF
BLOWER HI/LO
REED
LED4
LED0
LED1
LED2
LED3
N/C
TOG1
TOG2
TOG3
N/C
FOUT
N/C
N/C

50

RX2

Toggle/LED/Potentiometer
Legend
Number
Control Panel
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N/C
N/C
SCRN11
SCRN12

0
1
2
3
4

Function
Temperature
Humidity
CO2
Concentration
Water Pump
AC-DC
Converter
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51
52
53

N/C
RX
N/C

GND
GND

LED Ground
Toggles &
Potentiometers
Ground

APPENDIX B
Final Program
//Tissue Engineering Control Program for the Arduino Mega 2560
//By Malcolm Lapera and Sophie Schneider
//Last Revised Date: 12/4/13
// Declare Libraries Here
#include <Wire.h>
#include <FreqCount.h>
#include <LiquidCrystal.h>
#include <SoftwareSerial.h>
#include <Average.h>
#include <Math.h>
#include <Timer.h>
// ******Pinouts*****
LiquidCrystal lcd(12, 11, 22, 23, 24, 25);
//LCD Pinouts
int potPin[] = {A9, A10, A11, A12};
//Slide Pot Pinouts
//Heater Pinout
int tempPin[] = {A0, A1, A2, A6, A7, A8}; //Temp Sensors
int heaterCTRL = 33;
//Heater Relay
int heatTog = 2;
//Heater Toggle
int heatLED = 38;
//Heater LED
//Humidifier Pinout
int humSel = 28;
//Humidity Sensor Relay
int humCTRL = 26;
//Humidifier Relay
int humTog = 43;
//Humidity Toggle
int humLED = 39;
//Humidity LED
//CO2 Pinout
int CO2CTRL = 34;
//CO2 Solenoid Relay
int CO2Tog = 44;
//CO2 Toggle
int CO2LED = 40;
//CO2 LED
//H2O Heater Pinout
int tempH2OPin = A4;
//Temp Sensor for H2O
int H2OCTRL1 = 30;
//Peltier Hot
int H2OCTRL2 = 31;
//Peltier Cold
int H2OTog = 45;
//Water Coolant Toggle
int H2OLED = 41;
//Water Coolant LED
int H2OFan = 29;
//Peltier Fan
int H2OPump = 32;
//Water Pump
//Blower Pinout
int reedSW = 36;
//Reed Switch
int blowCTRL = 35;
//Blower Control Relay
//Converter Pinout
int convertLED = 37;
//ON/OFF LED
// ******************* Global Variables:**********************
float potSensor[4]; // temperature, humidity, CO2, H2O
float potCur[4]; //array for checking change in slide pots
float potPrev[4];
int action[4];
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int hum_pot = 0;
//Global int variable for humidity slide pot
int temp_pot = 0;
//Global int variable for temperature slide pot
int water_pot = 0;
//Global int variable for water temp slide pot
// Flags
int Pump_Flag = 0; int Heat_Flag = 0; int Hum_Flag = 0; int CO2_Flag = 0; int H2O_Flag = 0; //
Flags for controlling actuators
//Global Temp Variables
int tempInC[6]; // stores temp sensor values (in C)
//Global Humidity Sensor Variables
int sens;
int offset;
int enHum=0;
//Global CO2 Variables
SoftwareSerial mySerial(50, 14); //Rx,Tx
String val= ""; //holds the string of the value
double co2 =0; // holds the actual value
double multiplier = 10;
uint8_t buffer[25];
uint8_t ind =0;
float co2percent = 0.0; //Global CO2 value
//Global H20 Variables
int tempInH2OC = 0;
//Global Water Temp value
int hoodTemp = 0;
//Global Hood Temp
int RHAVG = 0;
//Global Humidity average
int RH0 = 0;
//Global Humidity one
int RH1 = 0;
//Global Humidity two
//Counterrr
unsigned long count1=0;
unsigned long count2=0;

//Counter for delaying humidity sensors

// Any One-Time Operations Here
void setup(){
//Pin declarations
pinMode(heaterCTRL, OUTPUT); pinMode(heatTog, INPUT_PULLUP); pinMode(heatLED,
OUTPUT);
pinMode(humSel, OUTPUT); pinMode(humCTRL, OUTPUT); pinMode(humTog,
INPUT_PULLUP);
pinMode(humLED, OUTPUT); pinMode(CO2CTRL, OUTPUT); pinMode(CO2Tog,
INPUT_PULLUP);
pinMode(CO2LED, OUTPUT); pinMode(H2OCTRL1, OUTPUT); pinMode(H2OCTRL2,
OUTPUT);
pinMode(H2OFan, OUTPUT); pinMode(H2OTog, INPUT_PULLUP); pinMode(H2OLED,
OUTPUT);
pinMode(reedSW, INPUT_PULLUP); pinMode(blowCTRL, OUTPUT); pinMode(H2OPump,
OUTPUT);
pinMode(convertLED, OUTPUT);
Serial.begin(9600); //Serial Monitor Setup
lcd.begin(16,2);
//LCD Setup
//Temp Setup
initSet_Temp();
//Hum Setup
Wire.begin();
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FreqCount.begin(1000);
sens = i2cRead2bytes(81, 10); //Calibration for hum sensor
offset = i2cRead2bytes(81, 12); //Calibration for hum sensor
initSet_Hum();
//CO2 Setup
mySerial.begin(9600); //Start Serial connection with CO2 Sensor
initSet_CO2();
//H20 Temp Setup
initSet_H2O();
digitalWrite(convertLED, HIGH);
actuator_low();
//Initial LCD Display
lcd.clear();
lcd.print("Tissue Engr Hood");
lcd.setCursor(0,1);
lcd.print("Initialized");
}
// MAsterMind Function
void loop(){
count1++;
//Increment humidity sensor counter
sensor_read();
//read sensors
Standard_Display();
//displays sensor values
check_pots();
//displays change in slide pots for setting values
check_toggles();
//checks if toggles have been switched
update_actuators();
//Updates actuators based on sensors and if toggles are on
if(count1 > 6){
count1 = 0;
}
}

//************** Initialization Functions ***************
//Initializes Previous/Current Pot Values
void initSet_Temp(){
int temp = analogRead(potPin[0]);
potSensor[0] = int(temp*30/1024+20);
potPrev[0] = int(potSensor[0]);
potCur[0] = int(potSensor[0]);
}
//Sets Intial Desired Humidity Level
void initSet_Hum(){
int hum = analogRead(potPin[1]);
potSensor[1] = int(hum*29/1020 + 70);
potPrev[1] = int(potSensor[1]);
potCur[1] = int(potSensor[1]);
}
//Sets Initial Desired CO2 Level
void initSet_CO2(){
int CO_2 = analogRead(potPin[2]);
potSensor[2] = (CO_2*0.0096 + 0.2);
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potPrev[2] = int(potSensor[2]*10);
potCur[2] = int(potSensor[2]*10);
}
//Sets Initial Desired H2O Level
void initSet_H2O(){
int temp2 = analogRead(potPin[3]);
potSensor[3] = int(temp2*0.04505387+4);
potPrev[3] = int(potSensor[3]);
potCur[3] = int(potSensor[3]);
}
//Set Actuators Low
void actuator_low(){
digitalWrite(heaterCTRL, LOW);
digitalWrite(humCTRL, LOW);
digitalWrite(CO2CTRL, LOW);
digitalWrite(H2OCTRL1, LOW);
digitalWrite(H2OCTRL2, LOW);
digitalWrite(H2OFan, LOW);
digitalWrite(H2OPump, LOW);
}
//**************************** Heater Functions ********************************//
// Returns Laminar Flow Hood Temperature
int Get_Temp(){
int tempV[6]; // raw temp sensor values
int i=0;
for(i=0; i<6; i++){
tempV[i] = analogRead(tempPin[i]);
tempInC[i] = ((tempV[i]*(4.8685)-500)/10)+5;
//*************************************************************************************
*************************
delay(50);
}
hoodTemp = mean(tempInC, 6);
return hoodTemp;
}
// Sets Temperature Via Pot Sensor Value
int Set_Temp(){
int temp = analogRead(potPin[0]);
potSensor[0] = int(temp*30/1020+20);
potPrev[0] = int(potCur[0]);
potCur[0] = int(potSensor[0]);
temp_pot = int(potSensor[0]);
return potSensor[0];
}
// Displays Potentiometer Set Temperature
void Display_Update_Temp(){
lcd.clear();
lcd.print("Set Temp:");
lcd.setCursor(0,1);
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lcd.print(temp_pot);
lcd.print(" C");
}
// Heater Control
void Adjust_Temp(){
if(hoodTemp < temp_pot){
digitalWrite(heaterCTRL, HIGH);
}
else{
digitalWrite(heaterCTRL, LOW);
}
}

//**************************** CO2 Functions ***********************************//
// Returns Average of Two CO2 Sensor Readings
float Get_CO2(){
//Cozir sensors ship from the factory in streaming mode
//So we read incoming bytes into a buffer until we get '0x0A' which is the ASCII value for newline
float CO2_1;
//float CO2_2;
while(buffer[ind-1] != 0x0A)
{
if(mySerial.available())
{
buffer[ind] = mySerial.read();
ind++;
}
}
CO2_1 = report(); //Once we get the '0x0A' we will report what is in the buffer
return CO2_1;
}
// Returns CO2 Sensor Reading in Percent
float report()
{
//Cycle through the buffer and send out each byte including the final linefeed
/*
each packet in the stream looks like "Z 00400 z 00360"
'Z' lets us know its a co2 reading. the first number is the filtered value and the number after the 'z'
is the raw value.
We are really only interested in the filtered value
*/
for(int i=0; i < ind+1; i++)
{
if(buffer[i] == 'z') //once we hit the 'z' we can stop
break;
if((buffer[i] != 0x5A)&&(buffer[i] != 0x20)) //ignore 'Z' and white space
{
val += buffer[i]-48; //because we break at 'z' the only bytes getting added are the numbers
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// we subtract 48 to get to the actual numerical value
// example the character '9' has an ASCII value of 57. [57-48=9]
}
}
co2 = (multiplier * val.toInt()); //now we multiply the value by a factor specific ot the sensor. see
the Cozir software guide
co2percent = co2/10000;
ind=0; //Reset the buffer index to overwrite the previous packet
val=""; //Reset the value string
return co2percent;
}
// Sets Desired CO2 Level
float Set_CO2(){
int CO_2 = analogRead(potPin[2]);
potSensor[2] = (CO_2*0.0096 + 0.2);
potPrev[2] = int(potCur[2]);
potCur[2] = int(potSensor[2]*10);
potSensor[2] = int(potSensor[2]*10);
potSensor[2] = float(potSensor[2]/10);
return potSensor[2];
}
//Updates display with slide pot value
void Display_Update_CO2(){
lcd.clear();
lcd.print("Set CO2 Percent:");
lcd.setCursor(0,1);
lcd.print(potSensor[2]);
lcd.print("%");
}
//Controls solenoid to adjust CO2 level
void Adjust_CO2(){
if(co2percent < potSensor[2]){
digitalWrite(CO2CTRL, HIGH);
}
else digitalWrite(CO2CTRL, LOW);
}
//**************************** H2O Pump Functions ******************************//
//Reads Temperature sensor on water tank
int Get_H2O(){
int tempV; // raw temp sensor values
tempV = analogRead(tempH2OPin);
tempInH2OC = ((tempV*(4.8685)-500)/10)+6;
//***********************************************************************************
return tempInH2OC;
}
//Reads slide pot for setting water tank temperature
int Set_H2O(){
int temp2 = analogRead(potPin[3]);
potSensor[3] = int(temp2*0.04505387+4);
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potPrev[3] = int(potCur[3]);
potCur[3] = int(potSensor[3]);
water_pot = int(potSensor[3]);
return potSensor[3];
}
//Updates display with slide pot value for water tank
void Display_Update_H2O(){
lcd.clear();
lcd.print("Set H2O Temp:");
lcd.setCursor(0,1);
lcd.print(water_pot);
lcd.print(" C");
}
//Adjusts peltier to control water tank temperature and controls water pump
void Adjust_H2O(){
if(tempInH2OC < water_pot){
digitalWrite(H2OCTRL1, HIGH);
digitalWrite(H2OCTRL2, LOW);
digitalWrite(H2OFan, HIGH);
}
else if (tempInH2OC > water_pot){
digitalWrite(H2OCTRL1, LOW);
digitalWrite(H2OCTRL2, HIGH);
digitalWrite(H2OFan, HIGH);
}
else if (tempInH2OC == water_pot){
if (Pump_Flag == 0){
digitalWrite(H2OPump, HIGH);
Pump_Flag = 1;
}
}
else{
digitalWrite(H2OCTRL1, LOW);
digitalWrite(H2OCTRL2, LOW);
digitalWrite(H2OFan, LOW);
digitalWrite(H2OPump, LOW);
}
}
//**************************** Humidity Functions ******************************//
// Function for reading from humidity sensors
int i2cRead2bytes(int deviceaddress, byte address) {
// SET ADDRESS
Wire.beginTransmission(deviceaddress);
Wire.write(address); // address for sensitivity
Wire.endTransmission();
// REQUEST RETURN VALUE
Wire.requestFrom(deviceaddress, 2);
// COLLECT RETURN VALUE
int rv = 0;
for (int c = 0; c < 2; c++ )
if (Wire.available()) rv = rv * 256 + Wire.read();
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return rv;
}
//Read Humidity Sensors and Return Average
float Get_Hum(){
if(count1 > 5){
digitalWrite(humSel, LOW);
delay(200);
if (FreqCount.available()) {
unsigned long count = FreqCount.read();
RH0 = (offset-count)*sens/4096;
}
digitalWrite(humSel, HIGH);
delay(200);
if (FreqCount.available()) {
unsigned long count1 = FreqCount.read();
RH1 = (offset-count1)*sens/4096;
}
RHAVG = ((RH0+RH1)/2)-4;
return RHAVG;
}
}
//Reads humidity value from slide pot
int Set_Hum(){
int hum = analogRead(potPin[1]);
potSensor[1] = hum*0.0785 + 20;
potPrev[1] = int(potCur[1]);
potCur[1] = int(potSensor[1]);
hum_pot = int(potSensor[1]);
return potSensor[1];
}
//Updates display with humidity value from slide pot
void Display_Update_Hum(){
lcd.clear();
lcd.print("Set Humidity:");
lcd.setCursor(0,1);
lcd.print(hum_pot);
lcd.print("%");
}
//Adjusts Humidity by turining on humidifier
void Adjust_Hum(){
if(RHAVG < potSensor[1]){
digitalWrite(humCTRL, HIGH);
}
else {digitalWrite(humCTRL, LOW);}
}
//***************************** Blower Control *****************************//
//Adjusts blower output depending on position of door
void Adjust_Blower(){
int reedVal = digitalRead(reedSW);
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if(reedVal == HIGH){
digitalWrite(blowCTRL, LOW);
}
else if(reedVal == LOW){
digitalWrite(blowCTRL, HIGH);
}
else digitalWrite(blowCTRL, LOW);
}
//***************************** Display
******************************************//
//Displays sensor values
void Standard_Display(){
lcd.clear();
lcd.print("Temp:");
lcd.print(hoodTemp);
lcd.print("C ");
lcd.print("Hum:");
lcd.print(RHAVG);
lcd.print("%");
lcd.setCursor(0,1);
lcd.print("CO2:");
lcd.print(co2percent);
lcd.print("%");
lcd.print("H2O:");
lcd.print(tempInH2OC);
lcd.print("C");
}

//***************************** Functions for MasterMind ********************//
//Reads Sensor values and Slide pots
void sensor_read(){
Get_Temp();
Get_Hum();
Get_CO2();
Get_H2O();
Set_Temp();
Set_Hum();
Set_CO2();
Set_H2O();
}
//Checks if toggles have been flipped
void check_toggles(){
int heatOnOff = digitalRead(heatTog);
int humOnOff = digitalRead(humTog);
int CO2OnOff = digitalRead(CO2Tog);
int H2OOnOff = digitalRead(H2OTog);
if(heatOnOff == LOW){
digitalWrite(heatLED, HIGH);
Heat_Flag = 1;
}
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else if(heatOnOff == HIGH) {
digitalWrite(heatLED, LOW);
digitalWrite(heaterCTRL, LOW);
Heat_Flag = 0;
}
if(humOnOff == LOW){
digitalWrite(humLED, HIGH);
Hum_Flag = 1;
}
else if(humOnOff == HIGH){
digitalWrite(humLED, LOW);
digitalWrite(humCTRL, LOW);
Hum_Flag = 0;
}
if(CO2OnOff == LOW){
digitalWrite(CO2LED, HIGH);
CO2_Flag = 1;
}
else if(CO2OnOff == HIGH){
digitalWrite(CO2LED, LOW);
digitalWrite(CO2CTRL, LOW);
CO2_Flag = 0;
}
if(H2OOnOff == LOW){
digitalWrite(H2OLED, HIGH);
H2O_Flag = 1;
}
else if(H2OOnOff == HIGH){
digitalWrite(H2OLED, LOW);
digitalWrite(H2OCTRL1, LOW);
digitalWrite(H2OCTRL2, LOW);
digitalWrite(H2OFan, LOW);
digitalWrite(H2OPump, LOW);
H2O_Flag = 0;
Pump_Flag = 0;
}
}
//Checks if slide pots have changed
void check_pots(){
int i;
for(i=0; i<4; i++){
if((potCur[i] != potPrev[i])) action[i] = 1;
else action[i] = 0;
}
if(action[0] == 1){
Display_Update_Temp();
delay(100);
}
if(action[1] == 1){
Display_Update_Hum();
delay(100);
}
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if(action[2] == 1){
Display_Update_CO2();
delay(100);
}
if(action[3] == 1){
Display_Update_H2O();
delay(100);
}
}
//Updates actuators based on slide pot values and sensor values
void update_actuators(){
//heater
if(Heat_Flag == 1){
Adjust_Temp();
}
//Humidity
if(Hum_Flag == 1){
Adjust_Hum();
}
//CO2
if(CO2_Flag == 1){
Adjust_CO2();
}
//Water Pump
if(H2O_Flag == 1){
Adjust_H2O();
}
//Blower
Adjust_Blower();
}
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APPENDIX C
Circuit Diagrams
Blower Motor Control Circuit

Toggle Switch Circuit
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Water Pump Control Circuit

Peltier Control Circuit
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Peltier Fan Control Circuit

Heater Control Circuit
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Humidifier Control Circuit

Humidity Sensor Read Circuit
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APPENDIX D
Program Flowchart
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APPENDIX E
Power Considerations
AC or
DC
DC
DC
DC
DC
DC
DC
DC
DC
AC
AC
AC

DC
DC
DC
AC

Input/Output
Humidity Sensor
CO2 Sensor
Temp Sensor
Water Pump
Humidifier
CO2 Solenoid
ATMEGA 2560
Peltier
Heater
Blower Motor
UV Ballast

Power Source (V)
3.3
5
12
115/120

Qty
(#)
2
2
10
1
1
1
1
1
3
1
1

Power
Vin (V)
Iin (A)
(W)
Itot (A)
Ptot (A)
3.3
0.000018 0.0000594 0.000036 0.000119
3.3
0.033
0.0035
0.066
0.007
5
0.00005
0.00025
0.0005
0.0025
12
1.46
18
1.46
18
12
0.6
7.2
0.6
7.2
12
0.883333
10.6
0.883333
10.6
12
0.002
0.024
0.002
0.024
12
2.8
33.6
2.8
33.6
115
0.173913
20
0.521739
60
115
4
460
4
460
120
0.45
38
0.45
38
Summary:
Total Current (A)
Total Power (W)
0.066036
0.0071188
0.0005
0.0025
5.745333333
69.424
4.97173913
558

Power Flow Breakdown
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APPENDIX F
Engineering Drawings
Slanted Left Angle

Page 93

Slanted Right Angle

56” Angle
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48” Angled Aluminum

37.5” Right Angled Aluminum
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37.5” Left Angled Aluminum

36” Angled Aluminum
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30” Right Angled Aluminum

30” Left Angled Aluminum
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14” Left Angled Aluminum

6” Angled Aluminum
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3” Right Angled Aluminum

3” Left Angled Aluminum
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14” Right Angled Aluminum

Acrylic Side Panel
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Acrylic Support Strap

Front Work Space Supports
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Top Front Acrylic Panel

Acrylic Door Panel
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Door Channel

UV Shield
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Tank Holder

Tank Rack Top Strap
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Tank Rack Vertical Strap

Tank Rack Panel

Page 105

Tank Rack Bottom Strap

Tank Rack Large Angle Support

Page 106

Short Leg

Long Leg
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Small Angle Support for Legs

Heater Small Piece
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Heater Large Piece

Back Left Panel
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Bottom Side Panel

Front Top Panel
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Front Bottom Panel

Bottom Back Panel
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Front Base Panel

Top Panel
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Back Base Panel

Back Work Space Panel

Page 113

Work Surface Panel

Left Side Panel
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Right Side Panel

Right Back Panel
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APPENDIX G
Cell Testing Protocol
Cell Viability Assessment of Tissue Engineering Hood
Goal: Compare the viability of cells housed in the Tissue Engineering Hood over a period of time
to cells exposed to an uncontrolled environment and the standard of a cell culture incubator.
Equipment:
o
o
o
o
o
o
o
o
o
o
o
o

3 – T75 Flasks of 3T3 Fibroblast cells, approx. 20% confluent
1 – Inverted microscope w/ Camera
Gloves
70% IPA
Paper Towels
Pipet-Aid
10 mL glass pipets
50 mL DCF-PBS
10 mL Trypsin
40 mL Media
3 – Hemocytometer
Micropipet and tips

Protocol:
1. Receive 3 T75 flasks with containing 3T3 Fibroblasts that have been thawed and
suspended in media and have had time to adhere to the flask. The flasks will be in the
incubator.
2. Leave one flask in the incubator. Get a new pair of gloves and bring two flasks to
room 331. Clean one flask with IPA and place into Tissue Engineering Hood. Place the
other flask on the table, in the clear labeled area, marked biohazard, cleaned with IPA.
Testing
3. Every 2 hours, examine each flask under the inverted microscope and take a picture.
Be sure to clean the stage and flask before examining.
4. Repeat until for a total duration of 48 hours. This can be amended based on results.
End this phase of testing when cells kept on the bench top appear to all be dead.
Trypan Blue Assesment
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5. Bring all flasks back to room 328. On bench top, repeat the steps 12 through 19 for
each flask.
6. Aspirate of media, save for later.
7. Rinse with DCF-PBS.
8. Add 3 mL of trypsin, and wait for cells to detach.
9. Deactivate with 6 mL of media that was set aside and mix cell solution with pipet.
10. Remove 150 µL of cell solution and place in microcentrifuge tube.
11. Add 50 µL of Trypan Blue to the centrifuge tube. Cap tightly and mix by flicking.
12. Remove 10 µL and inject them into a hemocytometer. Place Hemocytometer on
cleaned inverted microscope.
13. Count the number of cells, the number live cells (clear), and the number of dead
(blue) in each of the square regions. Record these numbers as well as images of each
area.
Clean up
14. Discard anything that touched cells in the Biohazard waste. This being, all pipet tips,
flasks, hemocytometers, microcentrifuge tubes, and centrifuge tube.
15. Clean all bench top work areas with IPA as well as the microscope stage.
16. Throw all other trash in the garbage. No liquids should go down the sink.
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APPENDIX H
Cell Testing Images
Bench Top Group Viability over Time Montage

Tissue Engineering Hood Group Viability over Time Montage
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Incubator Group Viability over Time Montage

Trypan Blue Assessment of Bench Top Group Montage
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Trypan Blue Assessment of Tissue Engineering Hood Group A Montage

Trypan Blue Assessment of Tissue Engineering Hood Group B Montage
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Trypan Blue Assessment of Incubator Group Montage
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APPENDIX I
Data Sheets
Temp sensor
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Humidity sensor
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CO2 sensor
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Power converter

Page 132

Page 133

Arduino Mega 2560 R3

UV Bulb
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UV Ballast
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Heater Strips
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Water pump
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LCD Display
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Linear Sliding Potentiometers
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LEDs
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MOSFETs
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Reed Switch
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